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PREFACE 


This  final  report  documents  the  results  of  research 
performed  by  Southern  Research  Institute  on  The  Mechanical 
and  Thermal  Properties  of  AVCO  3DCC  Cylinders  and  Cones 
under  Contract  Number  DNA001-75-C-0037  and  DNAQ01-73-C-0076. 
Major  T.  Swartz  was  the  initial  DNA  project  engineer  with 
the  responsibility  subsequently  assumed  by  Mr.  D.  Kohler 
and  Major  W.  Mercer.  The  Southern  Research  Institute 
project  leader  was  Mr.  J.  R.  Koenig,  Research  Engineer. 
Mechanical  evaluations  were  performed  under  the  supervision 
of  Mr.  N.  A.  Kheir,  Associate  Engineer,  thermal  evaluations 
were  under  the  supervision  of  Dr.  J.  R.  McDonald,  Head, 
Applied  Thermal  Section  and  nondestructive  characterizations 
were  under  the  supervision  of  Mr.  H.  E.  Littleton,  Head, 
Nondestructive  Characterization  Section.  Overall  super- 
vision and  guidance  was  provided  by  Mr.  C.  D.  Pears, 
Director,  Mechanical  Engineering  Research  Department. 
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EVALUATION  OF  THE  VIRGIN  MECHANICAL  AND  THERMAL 
PROPERTIES  OF  AVCO  3DCC  HEATSHIELD  MATERIALS 

INTRODUCTION 

This  is  the  final  report  on  the  evaluation  of  the  virgin 
properties  of  AVCO  3DCC  heatshield  materials  and  the  generation 
of  an  engineering  data  package  on  both  cylindrical  and  conical 
forms  of  that  material.  The  current  effort,  which  included 
most  of  the  evaluations  and  testing,  was  performed  under  Prime 
Contract  Number  DNAQ01-75-C-0037 . The  effort  was  begun  under 
Contract  Number  DNA001-73-C-0076 . The  latter  contract  had, 
as  one  of  its  objectives,  support  for  the  Carbon-Carbon  Design 
Program  (CCDP)  in  which  two  carbon-carbon  heatshield  materials, 
selected  from  the  results  of  the  AFML  Advanced  Heatshield 
Program  (AHP)  and  Subsequent  Advanced  Composite  Heatshield 
Assessment  (ACHA) , were  being  evaluated  for  heatshield  appli- 
cation. The  two  materials  were  the  Sandia  developed  CVD  - 
felt  carbon-carbon  (FCC)  and  the  AVCO  3DCC  material  evaluated 
here. 

This  report  will  discuss  the  nature  of  the  3DCC  material, 
briefly  discuss  the  processing  of  the  material  and  discuss 
the  different  pieces  of  the  material  received  for  evaluation. 

It  will  then  show  the  test  matrices  used,  define  the  specific 
test  techniques  used  and  show  the  design  of  the  specimens 
used.  A detailed  discussion  of  the  different  apparatuses  and 
procedures  used  is  included  as  an  appendix  to  the  report. 

The  results  of  the  nondestructive  evaluations  of  each  of  the 
cylinders  and  cones  used  will  be  given  and  then  the  mechanical 
and  thermal  data  will  be  provided,  first  for  the  cylinders  and 
then  the  cones.  A set  of  probable  values  for  design  purposes 
had  been  generated  for  both  the  cylinders  and  the  cones.  The 
raw  data  are  provided  as  appendices  to  the  report. 
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This  report  is  one  of  a series  of  reports  being  generated 
under  the  current  contract,  DNA001-75-C-0037 . Other  reports 
include : 

1.  The  Combined  Response  Study 

2.  Above  Ground/Underground  Response  of  3DQP 

3.  Above  Ground/Underground  Response  of  3DCC 

4.  Thermal  Insulation  Studies 

5.  Special  Compressive  Testing  of  3DQP 

6.  Advanced  Integrated  Heatshield  Materials  Evaluation 

MATERIAL 


These  evaluations  were  performed  on  cylinders  and  cones 
of  AVCO  3 DCC . Briefly,  this  material  is  constructed  by  laying 
up  carbon  fibers  (WYB)  in  unidirectional  resin  filled  plates. 
The  plates  are  cut  into  slats  which  are  placed  into  longitu- 
dinal grooves  in  a mandrel  then  cut  circumferentially  to  form 
the  radials.  Thornel  50  tape  is  used  to  form  the  axial  and 
circumferential  fibers.  The  unit  cell  structure  formed  is 
shown  in  Figure  1.  The  dimensions  shown  are  typical  for  the 
cylindrical  form. 

The  material  is  then  impregnated  with  SC1008  resin  at 
150°F  and  2000  psi,  pyrolyzed  at  1200°F  for  72  hours  and 
graphitized  at  4900°F  for  72  hours.  These  latter  steps  are 
repeated  until  a minimum  density  of  1.60  is  obtained,  at 
which  time  a final  impregnation  with  furfuryl  alcohol  is 
performed  and  heat  ti.c=»tments  repeated. 

This  brief  description  is  not  definitive  and  the  process 
has  varied  over  the  period  of  time  in  which  the  materials 
discussed  in  this  report  are  processed.  More  detailed  de- 
scriptions of  this  process  are  included  in  AFML-TR-75-195  and 
AVCO  CCDP  final  report. 
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The  sizes  of  the  relative  constituents  in  this  structure 
are  defined  by  the  area  of  the  radials  (in  the  R-Z  plane) 
over  the  total  area  (A  /A.  ) . The  A /Afc  on  all  the  cylinders 
discussed  here  is  0.49  and  the  Ar/A^.  of  the  cone  ranges  from 
0.52  (top)  to  0.76  (bottom).  For  the  cylindrical  material 
the  ratio  of  circumferential  yarns/unit  area  to  axial  yarns/ 
unit  area  is  approximately  1.55. 

The  cylinders  used  for  this  study  were  those  produced 
for  use  in  ACHA  and,  later,  for  use  in  CCDP.  Most  of  the 
engineering  data  package  reported  here  were  generated  on 
cylinders  CC-5,  CC-8  and  R327  with  supporting  data  from 
several  other  cylinders.  The  nomenclature,  CC(N) , was  es- 
tablished for  identification  in  the  CCDP  program.  The  corres 
ponding  ID  numbers  for  the  cylinders  used  in  this  program  are 


CC-3 

129-1 

CC-3 

129-2 

CC-4 

130-1 

CC-5 

131-1 

CC-6 

132-1 

CC-6 

132-2 

CC-7 

133-1 

CC-7 

133-2 

CC-8 

134-2 

New  Properties  Cylinder 

R327-7-1 

All  of  the  cylinders  were  nominally  9 inches  in  diameter  and 
0.75  inches  thick.  For  convenience,  the  CCDP  numbers  will  be 
used  to  identify  cylinders  with  the  exception  of  the  new 
properties  cylinder,  which  was  not  assigned  a CCDP  number 
and  will  be  referred  to  as  R327. 


A large  portion  of  the  engineering  data  were  originally 
scheduled  to  be  generated  on  specimens  from  CC-8  which  at  that 
time  was  referred  to  as  the  properties  cylinder.  This  cylinder 
was  of  subpar  density  and  the  radials  were  easily  pushed  out 
during  routine  machining.  While  the  cylinder  was  later  re- 
densified,  it  was  atypical  of  most  of  the  other  cylinders  and 
not  used  for  this  program  except  for  some  limited  thermal 
data.  This  problem  was  discussed  in  more  detail  in  DNA  3487 
P-3  and  will  be  discussed  further  in  the  Nondestructive  Char- 
acterization (NDC)  Section  of  this  report.  The  cutting  plans 
were  changed  to  utilize  a portion  of  CC-5  and  the  new  pro- 
perties cylinder#  R327.  A-  least  one  hoop  tensile  ring  was 
scheduled  from  each  of  the  cylinders  listed  above  and  other 
supporting  data,  some  developed  for  other  purposes,  is  re- 
ported here  from  these  cylinders.  The  nondestructive  eval- 
uations for  all  the  cylinders  are  reported  here  to  develop 
a source  of  comparison. 

The  conical  data  came  from  cone  K357-2  which  was  referred 
to  as  the  "properties  cone".  It  had  a 7°  half  angle  and  was 
nominally  0.5  inches  thick. 

MATRICES 

The  different  cylinders  used  in  generating  the  cylindrical 
data  reported  here  were  evaluated  under  the  CCDP  program  using 
NDC  techniques.  These  included  gravimetric  bulk  density, 
radiometric  density  gaging,  radial  velocity  maps,  eddy  current, 
visual  examination  and  X-rays  Typical  specimens  were  evalu- 
ated using  sonic  velocity  in  tne  direction  of  test,  gravi- 
metric density,  electrical  resistivity  (where  appropriate) 
and  X-rays.  Ediy  current  response  was  measured  on  the  cir- 
cumferential tensile  rings. 
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The  mechanical  and  thermal  matrix  originally  scheduled 
during  CCDP  in  evaluating  the  cylinders  is  shown  in  Table  1. 
This  matrix  was  altered  during  the  course  of  the  program  to 
provide  additional  data  required  to  define  the  response  of 
this  material.  In  particular,  for  curved  coupon  compressive 
runs,  two  hydrostatic  compressive  runs  and  a ring  flex  test 
were  added  to  aid  in  the  interpretation  of  the  circumferential 
compressive  modulus,  additional  thermal  expansion  runs  were 
added  to  check  out  anomalous  behavior  seen  in  specimens  from 
CC-8  and  the  QC  rir.:.  were  added  to  the  ring  tensile  matrix  to 
define  variation  from  material  to  material.  The  final  matrix 
is  shown  in  Table  2. 

The  matrix  for  evaluating  the  30CC  cone  is  shown  in  Table 
3.  It  is  essentially  the  same  as  defined  under  CCDP  and  paral- 
lels the  cylinder  matrix,  with  care  taken  in  the  cutting  plan, 
to  be  discussed  later,  to  sort  variations  along  the  cone  by 
key  properties. 

TEST  PROCEDURES  AMD  SPECIMEN  DESIGN 

The  design  process  being  attempted  in  CCDP  and  as  commonly 
used  now  requires  that  the  intrinsic  material  properties  be 
determined  in  a materials  test  as  opposed  to,  or  in  addition  to, 
values  obtained  from  "use"  type  tests.  This  philosophy  was 
maintained  through  the  current  program  and  has  implications 
on  each  of  the  test  techniques  used. 

Tension 

The  main  criteria  which  must  be  met  in  a tensile  test  is 
proper  failure  mode.  The  evaluation  technique  and  specimen 
design  employed  for  a particular  strength  property  are  based 
on  the  failure  mode.  The  failure  mode  becomes  particularly 
important  in  applying  specimen  data  to  actual  use  situations. 
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In  use  situations  the  decision  must  be  made  as  to  the  repre- 
sentation of  the  stress  profiles  and  the  failure  criteria; 
that  is,  whether  the  principal  stresses  would  be  used  or 
whether  the  stresses  obtained  by  orienting  the  axes  along 
the  primary  material  axes  would  be  used. 

True  loading , as  opposed  to  loading  with  parasitic 
stresses  (or  strains) , is  another  criterion.  The  goal  was 
to  obtain  homogeneous  strees  (or  strain)  fieldo  from  the 
loadings.  This  is  important  for  proper  failure  modes  and 
for  meaningful  strain  measurements. 

Another  criterion  that  must  be  met  is  that  the  specimen 
design  must  provide  sufficient  cross-sectional  area  and/or 
volume  such  that  data  obtained  are  representative  of  the 
material.  In  most  cases,  a 5-unit  cell  width  was  chosen  as 
a minimum  gage  dimension  based  on  Southern  Research  Institute 
(SoRI)  prior  experience  with  3D  composite  materials.  However, 
in  a few  cases  a 3-cell  width  dimension  was  the  maximum  that 
could  be  obtained  within  the  material  or  test  facility  con- 
straints. This  gage  section  design  rationale  proved  accepable 
for  some  of  the  materials,  but  for  others  resulted  in  signi- 
ficant data  scatter  due  to  the  fact  that  the  gage  sections  were 
not  representative  when  background  weave  geometry  variations 
were  considered.  For  instance,  weave  wrinkles  of  the  order 
of  approximately  0.1  to  0.5  inch  were  observed  in  some  of 
the  materials.  A tensile  specimen  with  gage  dimensions  of 
0.2  inch  by  0.3  inch  by  0.500  inch  long  located  in  a wrinkle 
site  naturally,  when  tested,  produced  different  stress-strain 
data  than  a specimen  with  the  regular  weave  geometry.  In  lieu 
of  larger  specimens  with  gage  dimensions  much  larger  than 
background  weave  irregularities  and  more  data,  judgements  must 
be  carefully  made  as  to  the  real  material  response. 


The  uniqueness  of  most  composites  creates  additional 
testing  problems  other  than  the  specimen  design  problems 
discussed  up  to  this  point.  Strict  attention  in  machining 
the  specimens  is  required  so  that  the  specimen  gage  sections 
contain  the  required  number  of  unit  cells  located  symetrically 
with  respect  to  the  specimen  axis  and  that  the  material  geo- 
metry  axes  are  at  the  proper  angles  with  the  specimen  axes 
(either  orthogonal  or  off-axis) . Many  of  the  tensile  and 
compressive  specimens  contained  gage  sections  that  can  best 
be  described  as  arc  segments  from  the  cylinders.  This  was 
necessary  in  order  that  the  gage  section  contain  only  an 
integral  number  of  unit  cells  with  no  fractions.  This  not 
only  created  some  machining  difficulties  but  also  testing 
difficulties.  In  order  to  apply  loadings  to  these  type  of 
gage  sections  with  a minimum  of  parasitic  bending  stresses, 
the  centroid  of  the  specimen  was  calculated  and  the  specimen 
shifted  laterally  in  the  load  train  of  the  test  facility  to 
align  the  specimen  centroid  with  the  center  of  loading  in  the 
test  facility.  The  axial  tensile  runs  made  on  the  3DCC  cylin- 
drical and  conical  specimens  were  performed  in  a gas-bearing 
tensile  facility.  This  facility  is  described  in  detail  in 
Appendix  Al.  Averaging  clip-on  extensometers  were  used  in 
most  of  the  test  to  minimize  the  effect  of  internally  induced 
bending  in  the  specimen  gage  on  the  strain  data.  Specially 
designed  water-cooled  clip-ons  were  used  in  the  elevated 
temperature  evaluations.  The  specimens  used  in  conducting 
the  cylindrical  axial  tensile  evaluations  is  shown  in  Figure  2 
The  speicmens  used  for  the  conical  materials  were  variations 
of  the  specimen  shown  in  Figure  3.  On  all  of  the  cylindrical 
material  specimens  (Figure  2)  and  on  the  conical  material 


specimen*  from  the  top  end  mid-section*  of  the  cone,  five  cell 
widths  were  maintained  in  the  gage  section  with  the  specimen 
centered  on  an  axial  bundle  and  the  cut  lines  passing  through 
redials.  For  the  specimens  from  the  bottom  of  the  cone#  only 
three  cell  widths  were  possible.  The  radial  tensile  specimen 
is  shown  in  Figure  4 and  was  bonded  to  steel  face  plates  as 
shown.  Circumferential  tensile  specimens  were  typically  0.5 
inches  high  by  0.5  inches  thick  with  the  radii  set  by  the 
cylinder  or  the  cone  location. 

The  elevated  temperature  ring  tensile  evaluations  were 
made  in  the  recently  developed  high  temperature  ring  apparatus 
shown  schematically  in  Figure  5.  essentially,  a hydrostatic 
pressure  is  transferred  to  the  ring  by  wedge  shapes  made  up  of 
water  cooled  steel,  pyrolytic  graphite  and  POCO  graphite.  The 
best  strain  measurement  results  were  obtained  using  a graphite 
yarn  wrapped  around  the  specimen  and  connected  to  LVDT's.  A 
more  detailed  description  of  this  facility  is  contained  in 
AFML-TR-74-254  "The  Development  and  Demonstration  of  a High 
Temperature  Ring  Test  Facility". 

Compression 

The  compressive  evaluations  were  made  in  a gas-boaring 
compressive  facility  very  similar  to  the  gas-bearing  tensile 
facility.  A description  of  this  facility  is  included  in 
Appendix  A2.  The  typical  specimen  used  for  the  axial  specimen 
in  Figure  7 (variations  of  this  specimen  was  also  used  as 
described  in  the  results  section) . The  curved  coupon  compressive 
test  fixture  is  shown  in  Figure  8.  It  essentially,  adds  a com- 
pensating load  set  to  balance  the  ID  and  OD  strains.  It  will 
be  described  in  more  detail  in  the  forthcoming  Combined  Response 
Study  report  and  has  been  described  in  Volume  I of  DNA  report  3487F. 
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The  hydrostatic  ring  compressive  test  was  similar  to  the 
hydrostatic  ring  tensile  test  except  that  the  fixture  was 
designed  to  permit  the  hydraulically  loaded  bladder  to  be 
placed  around  the  outside  of  the  ring. 

Torsion 

The  torsional  specimen  used  was  similar  to  the  compressive 
specimen  shown  in  Figure  7.  A discussion  of  the  torsional 
technique  used  is  provided  in  Appendix  A3  and  in  DNA  3487F-1. 

Thermal  Expansion 

The  thermal  expansion  was  measured  using  both  quartz  and 
graphite  tube  dilatometers . The  quartz  dilatometer  measurements 
are  used  for  confirmation  of  the  graphite  dilatometer  measure- 
ments and  for  further  definition  of  the  curve  up  to  1500 °F. 
Descriptions  of  the  facilities  are  contained  in  Appendices  A4 
and  A5.  The  specimen  used  is  shown  in  Figure  9. 

Thermal  Conductivity 

In  3DCC,  the  reinforcement  exhibits  significantly  different 
properties  than  the  surrounding  matrix.  This  can  be  quite 
critical  when  monitoring  temperatures  for  a thermal  conductivity 
evaluation.  Significant  local  temperature  discontinuities  can 
exist  if,  for  example,  a material  is  composed  of  widely  spaced 
fiber  bundles,  such  as  the  radial  bundles  in  many  of  the  cyl- 
inders we  have  previously  evaluated,  and  these  bundles  provide 
a direct  conduction  path  by  virtue  of  their  conductivity  being 
much  higher  than  the  surrounding  matrix.  We  have  avoided  dif- 
ficulties here  by  judicious  location  of  thermocouples  (being 
careful  not  to  end  in  a radial  bundle)  and  comparison  of  the 
temperature  gradient  measured  between  the  internal  walls  (local) 
to  that  measured  between  the  surfaces  (average)  monitored  by 
extrapolation  ',m  the  reference  temperatures.  The  locations 
of  the  thermocouples  were  checked  using  radiography. 
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A description  of  the  two  facilities  used  to  measure  the 
thermal  conductivity,  the  comparative  rod  apparatus  (CRA)  and 
the  radial  inflow  apparatus  (RIA)  are  provided  in  Appendices 
A6  and  A7 . The  specimen  used  for  the  comparative  rod  evaluations 
is  shown  in  Figure  10  and  for  the  *adial  inflow  evaluations  in 
Figure  11. 

Heat  Capacity 

To  determine  heat  capacity  to  5000°F,  both  the  adiabatic 
and  ice  calorimeters  were  employed.  The  adiabatic  calorimeter 
will  be  used  from  70°F  to  1000°F,  and  above  10006F  the  ice 
calorimeter  was  used.  Descriptions  of  these  techniques  are 
provided  in  Appendices  A8  and  A9 . 

Nondestructive  Characterization  (NDC) 

Characterization  by  NDC  involved  determining  the  physical, 
background,  and  disparate  natures  of  the  3DCC  material.  The 
physical  nature  involved  the  determination  of  physical  properties 
such  as  bulk  density,  ultrasonic  velocity,  and  electrical  resis- 
tivity. These  evaluations  provided  insight  into  bulk  effects 
which  correlated  with  material  variability  and  reproducibility. 
The  background  and  disparate  natures  are  similar  in  that  they 
often  consist  of  similar  material  discontinuities  such  as  voids, 
cracks,  reinforcement  placement  and  misorientations,  and  delams. 
However,  they  differ  in  that  the  background  variations  are 
frequent  and  inherent  in  the  process,  and  the  disparate  vari- 
ations which  are  infrequent  and  not  process  inherent  usually 
have  an  anomalous  effect  on  the  performance  of  the  material. 

An  understanding  of  the  nature  of  the  material  was  essential 
for  selective  sampling,  determining  uniformity,  reproducibility. 
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correlating  disparate  behavior,  keying  to  past  and  future  batches, 
and  gaining  insight  on  inspectability  mode  and  criteria.  Effective 
characterization  was  injected  into  the  program  starting  with  bulk 
shapes,  continuing  with  coupon,  specimen  blank,  and  finished  con- 
figuration. This  matrix  provided  for  judicious  sampling,  quick 
determination  of  material  variability  and  reproducibility  and 
loop  closing. 

Visual  and  Light  Microscopy  - Visual  inspections  from  IX  to 
10X  are  made  on  exposed  surfaces  of  bulk  and  specimen  shapes  to 
determine  material  typicality  and  surface  anomalies.  This  in- 
spection was  effective  for  surface  variations  such  us  yarn  bundle 
fraction  variations,  separations,  macro-voids,  discolorations, 
matrix-rich  and  matrix-starved  areas,  yarn  bundle  wrinkling  and 
spacing  variations,  ply  spacing  variations,  and  void  clusters. 

Micro-level  assessments  are  made  using  about  50X  photo- 
micrographs. Here  one  is  concerned  primarily  in  establishing 
material,  typicality  such  as  microcracking  in  yarn  bundles, 
microcracking  between  matrix  and  yarn  bundles,  pore  sizes, 
and  pore  size  distributions. 

Radi ography  - Radiography  was  performed  using  state-of-the- 
art  X-ray  techniques  for  low-absorptive  materials.  Descriptions 
of  the  equipment  and  standard  operating  techniques  were  provided 
in  DNA  3487F-1 . 

The  radiographic  exposure  positioning  varied  depending  on 
specimen  shape.  For  nine-inch  OD  bulk  cylinders,  the  radial 
and  chordal  views  were  used.  The  radial  view  exposure  was  made 
using  a moving  slit  device  (MSD) . The  cylinder  was  rotated 
beneath  a 1/4-inch  wide  slit  located  between  the  cylinder  and 
the  X-ray  source.  The  film  which  was  attached  to  the  inner 
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surface  of  the  cylinder  records  a distortion-free  image  of  the 
single  wall.  Double  exposure  of  the  film  was  prevented  by  lead 
shielding  placed  on  a diametrical  plane  beneath  the  cylinder 
wall  being  exposed.  For  the  chordal  view  positioning  involved 
placing  the  film  under  the  cylinder  and  exposing  for  a chordal 
view  of  the  cylinder  wall.  Thic  technique  was  particularly 
sensitive  for  circumferentially  aligned  anomalies  such  as  ply 
separations.  For  specimen  configurations , at  least  two  views 
90°  apart  are  used. 

Ultrasonics  (Velocity,  Pulse-Echo,  and  Attenuation)-  Ultra- 
sonics NDC  uses  sound  energy  at  frequencies  from  11  KHz  to  25  MHz. 
The  sound  energy  is  picked  up  by  a transducer  which  converts  sound 
to  electrical  energy  as  it  is  transmitted  through  the  specimen. 
Ultrasonic  techniques  lend  themselves  particularly  to  flaws  having 
large  interfaces  normal  to  the  direction  of  transmission  such  as 
those  offered  by  delaminations  and  large  voids.  Ultrasonic  velocity 
is  effective  for  evaluating  material  background  from  the  standpoint 
of  comparing  different  batches  of  the  same  material  and  in  cor- 
relating locations  of  flaw  collections  resulting  in  inherent  vari- 
ability for  a given  sample  of  material.  Velocity  is  also  useful 
in  evaluating  material  anisotropy.  Attenuation  measurements  are 
effective  for  showing  the  presence  of  porosity,  cracks  and  de- 
laminations. These  techniques  are  discussed  in  Appendices  A10 
through  A12 . 

Eddy  Current  - The  eddy  current  test  indicates  differences 
in  electrical  impedance  between  parts  to  be  tested  and  a reference 
sample.  It  is  effective  for  revealing  variations  such  as  cracks 
and  variations  in  fiber  volume  fractions.  It  is  also  a measure 
of  the  degree  of  graphitization  variations  within  a part  and 
between  parts.  A description  of  the  technique  was  presented 
in  DNA  3487F-1 . 
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Gravimetric  Bulk  Density  - Bulk  density  measurements  for 
specimens  having  a regular  configuration  are  calculated  from 
direct  measurements  of  weight  and  length.  An  analytical  balance 
having  a sensitivity  ±0.001  gram  is  used  for  weighing.  Micro- 
meters read  to  the  nearest  0.0005  inch  are  used  for  measuring 
lengths,  and  a travelling  microscope  accurate  to  ±0.001  inch  is 
used  for  measuring  chord  lengths. 

Radiometric  Density  Gaging  - Radiometric  density  gaging  is 
a penetrating  radiation  technique  used  for  determining  the 
density  gradients  or  the  bulk  shapes.  The  basis  of  the  mea- 
surements is  that  the  transmitted  radiation  is  inversely  pro- 
portxonal  to  the  density  or  thickness  of  the  material.  The 
technique  used  is  described  in  DNA  3487F-1.  Special  manipulating 
equipment  has  been  constructed  for  handling  cylinders  and  cones. 

Electrical  Resistivity  - The  electrical  resistivity  is  a 
monitor  of  the  bulk  nature  of  the  material  and,  to  some  extent, 
of  disparate  response.  A description  of  the  technique  used  is 
given  in  Appendix  A13. 

CUTTING  PLANS 


The  cutting  plans  used  to  obtain  the  specimens  for  the 
cylindrical  3DCC  engineering  data  package  are  presented  in 
Figures  12  and  13.  They  are  minor  modifications  of  the  cutting 
plans  developed  under  CCDP.  Additional  hoop  tensile  rings  were 
obtained  from  each  of  the  other  cylinders.  The  cutting  plans 
by  which  those  rings  were  excised  were  shown  in  DNA  3487F-3. 
That  report  also  shows  the  location  of  the  thermal  specimens 
obtain  from  the  original  properties  cylinder,  CC-8 . The 
cutting  plan  used  for  the  conical  data  program  is  shown  in 
Figure  14.  The  specimens  were  arranged  so  that  key  data  could 
be  obtained  at  various  heights  in  the  cone . The  DQC  arcs 
shown  have  been  machined  and.  have  not,  as  yet,  been  tested, 
except  for  NDC,  the  results  of  which  are  on  file. 
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Each  of  the  cylinders  and  cones  received  at  SoRI  as  virgin 
material  were  characterized  using  NDC  techniques.  The  selec- 
tion of  the  techniques  varied  over  the  period  of  the  CCDP 
program,  but  included  in  all  cases  were  density,  radial  velocity 
maps,  visual  examinations,  X-ray  and  radiometric  gaging.  Eddy 
current  response  was  measured  on  some  of  the  material  received 
in  the  latter  portion  of  the  program.  Circumferential  velocity 
was  measured  on  the  cones  and  several  of  the  cylinders.  Tables 
4 through  6 show  a summary  of  the  NDC  of  the  3DCC  cylinders. 

Cylinder  CC-3  was  in  two  parts  identified  as  129-1  and 
129-2.  No  anomalies  were  seen  in  the  visual  examinations  as 
shown  in  Figure  15  which  shows  the  bottom  and  top  surfaces  of 
129-1  and  Figure  16  which  shows  typical  structure  of  the  end 
of  the  cylinder  in  zones  of  circumferential  yarns  on  the  surface 
and  zones  with  radials  on  the  surface.  Maps  of  the  radial 
velocity  and  density  gradients  for  the  two  portions  of  CC-3  are 
shown  in  Figures  17  through  20.  On  some  of  these  maps  the 
cutting  plan  is  shown  in  the  background  to  facilitate  sorting 
the  nature  of  the  material  used  for  any  part.  A very  distinct 
density  gradient  can  be  seen  in  129-1  which  was  from  the  lower 
half  of  the  cylinder.  The  bottom  portion,  about  four  inches, 
is  lower  density  and  the  density  increases  till  the  top  end 
is  over  1.8  density.  The  velocity  maps  for  both  show  a more 
even  but  more  random  variation.  There  exists  very  distinct 
density  spike  in  129-2  at  90°  with  an  adjacent  low  density  zone 
at  45°  at  the  middle  of  the  cylinder.  Cylinder  129  was  a low 
attenuator  while  129-2  attenuated  the  signal  more  typically 
of  the  other  materials  in  the  program. 
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Cylinder  CC-4  was  not  evaluated  as  a cylinder.  For  com- 
parison, the  data  on  a single  ring  from  that  cylinder  are  pro- 
vided in  Table  6.  This  cylinder  was  higher  in  density  than 
CC-3  and  was  also  relatively  clean  in  visual  examination,  with 
some  debonded  areas  typical  of  the  AVCO  3DCC  as  shown  in  Figure  21. 

Cylinder  CC-5  was  similar,  though  slightly  more  dense,  to 
CC-3  in  its  appearance.  It  had  a single  anomalous  damaged  area 
seen  in  visual  examination  at  100°,  8.5  inches  from  the  bottom 
(Figure  22) . The  damage  apparently  occurred  before  final  pro- 
cessing. It  appears  on  the  density  map  (Figure  23)  as  a high 
density  zone  and  the  velocity  map  (Figure  24)  as  a low  velocity 
spot.  The  top  portion  of  the  cylinder  is  lower  density  than 
the  rest  and  the  cylinder  had  a high  density  zone  running  two 
thirds  the  length  of  the  cylinder  at  315°.  The  low  density  zone 
coincides  with  the  part  of  the  specimens  used  in  the  engineering 
data  program  reported  here  and  is  reflected  in  the  density  values 
measured  on  the  specimens . The  radiographic  examination  showed 
light  striations  (probably  delams)  running  the  full  length  of  the 
cylinder  as  shown  in  Figure  25.  This  is  typical  of  most  of  the 
materials  studied  under  this  program.  Typical  structure  of  the 
end  on  view  of  CC-5  material  is  shown  in  Figure  26. 

ihe  maps  of  the  radiometric  density  and  radial  velocity 
of  both  sections  of  CC-6  (132-1  and  132-2)  are  shown  in  Figures 
27  and  28.  This  cylinder  was  more  dense  than  the  other  cylinders 
of  3DCC  tested  in  this  program,  1.71  gm/cm3  in  the  bottom  section 
and  1.66  gm/cm3  in  the  top  section.  In  the  bottom  portion  (132-1) 
severe  delaminations  were  seen  in  both  the  X-ray  and  in  the 
visual  examination.  Examples  of  these  are  shown  in  Figures  29 
and  30.  Other  visual  observations  included  zones  of  circum- 
ferentials  pulled  away  from  the  matrix  and  cracking  along  circum- 
ferential bundles  (Figure  31) . Similar  effects  were  seen  in 


machined  surfaces  from  CC-6  (132-1)  as  shown  in  Ring  132-1- 
SoRI-R3  in  Figures  32  (debonds)  and  33  (cracking) . The  debond 
area  shown  in  Figure  32  seems  to  be  continuous  through  the 
ring.  The  top  portion  (132-2)  was  cleaner  in  the  X-rays  and 
in  visual  examination  with  fewer  debonds  (Figure  34a) , but 
were  more  evident  in  the  machined  surface  (Figure  34b) , though 
still  less  than  seen  in  132-1.  A close  up  view  of  the  external 
surface  is  shown  in  Figure  35,  showing  cracks  between  circum- 
ferentials  and  radials  and  two  damaged  circumferentials . 

The  radiometric  density  map  and  radial  velocity  map  for 
CC-7  (133-1)  are  shown  in  Figures  36  and  37.  This  cylinder 
had  the  unusual  feature  of  the  gradients  running  essentially 
around  the  cylinder.  The  zone  from  about  zero  to  180°  was 
lower  density  than  the  zone  from  180®  to  0°.  The  former  area 
also  tended  to  be  higher  velocity  than  the  latter.  Care 
should  be  taken  in  interpreting  the  lower  portion  of  the 
velocity  plot  which  was  measured  on  0.25  inch  material.  A 
map  of  the  eddy  current  response  is  shown  in  Figure  38 . 

Us.  g this  as  a measure  of  the  bulk  rather  than  disparate 
response,  the  eddy  current  data  would  indicate  a higher  elec- 
trical resistivity  in  the  center  of  the  cylinder  and  lower 
at  either  end.  This  cylinder,  more  than  those  previously 
discussed  showed  cracking  around  the  radial  bundles.  This 
is  sho'  . for  two  typical  areas  in  Figure  39.  The  radials 
at  the  end  of  the  cylinder  were  also  surrounded  by  cracks 
and  ’•  n on  the  edge  would  often  fall  off  as  seen  in  Figure  40. 
Cylii.  : CC-7  had  debonds  typical  of  the  other  materials  seen 
but  tl  were  more  numerous  (Figure  41) . The  locations  of 
debonds  on  CC-7  are  plotted  in  Figure  42  and  the  variation  with 
radius  sf  wn  in  Figure  43.  Similar  debonds  are  shown  for  the 
other  seccions  of  CC-7  (133-2)  in  Figure  44. 


Cylinder  CC-8  (134-2)  had  by  far  the  lowest  density  of 
any  of  the  cylinders  received,  1.57  gm/cm*.  The  next  lowest 
was  CC-3  at  1.62  gm/cm9.  The  radiometric  density  map  is  shown 
in  Figure  45.  The  density  was  very  low  toward  the  center  of 
the  cylinder.  A map  of  the  radial  velocity  is  shown  in  Figure 
46.  The  velocity  tends  to  be  higher  toward  the  center  of  the 
cylinder  with  three  small  islands  of  low  velocity.  The  average 
velocity  is  typical  for  the  3DCC  material.  The  radiographs 
showed  a single  large  delam  area  running  the  length  of  the 
cylinder.  The  visual  appearance  of  this  debond  at  the  ends 
are  shown  in  Figures  47  and  48. 

This  cylinder  was  shipped  back  to  the  manufacturer  for 
reimpregnation  and  when  received  the  second  time  the  density 
was  1.64  gm/cm3.  The  cylinder  had  several  zones  of  roughness 
due  to  missing  matrix  and  pieces  of  yarn  bundles.  Examples 
of  this  are  shown  in  Figure  49 . During  machining  of  this 
cylinder,  the  machining  process  pushed  radials  through  the 
cylinder.  A picture  of  the  pushed  out  radials  is  shown  in 
Figure  50.  This  problem  was  discussed  in  DNA  3487F-3.  It 
was  determined  to  be  a material  rather  than  a machining  problem. 

SoRI  developed  a test  for  evaluating  the  pressure  required 
to  pushout  a radial.  The  results  of  that  study  on  several 
cylinders  are  shown  in  Table  7.  Notice  that  CC-8  and  CC-7, 
the  two  pieces  with  the  most  extensive  cracking  around  the 
radials  as  seen  visually,  had  by  far  the  lower  values. 

The  radiometric  density  and  radial  velocity  maps  for  the 
new  engineering  properties  cylinder,  R327-1,  are  shown  in 
Figures  51  and  52.  This  cylinder  had  a lower  velocity  and  a 
higher  density  at  the  top  end,  a trend  that  has  been  seen  in 
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several  other  cylinders.  Its  appearance  was  similar  to  any 
of  the  better  cylinders  discussed  previously  with  one  strong 
anomaly  at  one  end  of  the  as-received  cylinder  shown  in  Figure 
53.  This  damaged  zone  was  apparently  the  result  of  a mechanical 
load  during  processing  and  extended  no  more  than  1/2  inch  into 
the  cylinder.  This  cylinder,  and  its  sister  cylinder,  R327-2, 
had  the  lowest  range  of  density  of  any  of  the  3DCC  cylinders 
seen.  A map  of  the  circumferential  velocity  is  shown  in  Figure  54. 

The  radiometric  density  map  for  the  sister  billet  to  R327-1, 
R327-2  is  shown  in  Figure  55.  It  had  a lower  density  at  the  top 
end  but,  again,  had  considerably  less  variation  in  density  than 
the  other  CCDP  cylinders.  The  structure  of  this  cylinder  was 
different  from,  for  example,  CC-7  or  CC-8,  in  that  the  debonds 
did  not  appear  to  be  as  connected.  This  is  shown  in  Figure  56. 

The  debonds  are  just  as  wide  as  in  CC-7  but  run  only  1,  2 or  3 
cells  rather  than  several  inches.  The  radial  velocity  map  for 
R327-2  is  shown  in  Figure  57.  Both  R327-2  and  R327-1  had  a 
lower  average  radial  velocity  than  any  of  the  other  cylinders. 

One  anomalous  zone  was  visible  on  the  inside  surface  of  R327-2 
as  shown  in  Figure  58.  It  appeared  as  a region  of  high  porosity. 

Density  and  velocity  measurements  were  made  on  each  of  the 
specimens  used  both  in  this  program  and  elsewhere.  These  data 
are  reported  with  the  mechanical  data  and  used  for  correlations 
of  the  mechanical  and  thermal  data.  The  averages  and  ranges  of 
these  data  are  presented  in  Table  8 . In  some  cases  these  repre- 
sent specimens  from  the  entire  cylinder  and  in  others  only  a few 
specimens.  In  general,  good  agreement  is  found  with  the  bulk 
NDC  information  but  reasonable  care  should  be  used  in  comparing 
these  data  by  cylinder,  especially  the  ranges  due  to  the  various 
number  of  specimens  taken  from  the  different  cylinders. 
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NONDESTRUCTIVE  CHARACTERIZATION  OF  3DCC  CONES 


Two  3DCC  cones  were  evaluated  during  the  course  of  the 
program,  one  of  which  was  the  properties  cone,  K357-2,  and 
the  second  (K357-1)  was  evaluated>  then  returned  to  the  manu- 
facturer. One  fore  and  one  aft  ring  was  also  received  with 
K357-1.  The  matrix  was  very  similar  to  that  performed  on  the 
cylinders,  consisting  of  visual  examination,  density  and 
velocity  maps,  X-rays,  radiometric  density  gaging  and  eddy 
current  maps. 

A summary  of  the  NDC  for  the  two  cones  is  given  in  Table 
9.  The  two  cones  were  similar  both  in  appearance  and  response 
to  NDC  monitors,  with  K357-1  being  slightly  more  dense  and 
lower  velocity.  The  weave  in  the  circumferential  direction 
was  uneven  in  the  forward  ring  of  K357-1  but  was  far  less  so 
in  the  forward  end  of  the  cone,  as  shown  in  Figure  59.  This 
would  raise  questions  as  to  whether  data  from  that  ring  would 
be  typical  of  the  fore  section  of  the  cone.  The  radials  in 
the  rear  section  (large  Ar/At)  tended  to  come  loose  when  ex- 
posed on  the  rear  surface.  This  was  true  both  on  the  ring  cut 
from  the  bottom  and  the  cone  (Figure  60).  There  were  several 
porous  (matrix  poor)  regions  in  the  cone,  examples  of  which 
are  shown  in  Figure  61.  The  circumferential  velocity  of  Cone 
K357-1  are  plotted  in  Figures  62  through  64.  Notice  the  in- 
crease in  velocity  from  top  to  bottom  of  the  cone  (increasing 
Ar/At),  A plot  of  the  eddy  current  response  is  shown  in 
Figure  65.  There  is  a trend  towards  increasing  inches  of  eddy 
from  the  front  to  the  rear  (increased  "conductivity")  which 
reverses  itself  in  the  last  inch  of  the  cone  and  in  the  aft 
ring.  The  zone  from  180°  to  270°  has  a lower  eddy  rssponse 
in  the  aft  section.  The  reference  material  comes  from  CC-3  and 
is  the  standard  used  for  all  of  the  eddy  plots.  That  region 
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was  also  lower  density  by  radiometric  gaging.  The  lowest 
density  by  radiometric  gaging  was  at  the  top  and  the  highest 
was  at  the  center.  Radial  velocity  followed  the  same  trend 
as  circumferential  velocity,  being  lowest  at  the  top  and 
highest  at  the  bottom  (highest  Ar/A^.)  . 

Cone  K357-2,  the  "properties  Cone",  followed  the  same 

trends  as  K357-1  except  that  the  highest  density  was  1/3  of 

the  way  up  from  the  bottom.  This  is  shown  in  Figure  66  which 

is  a map  of  the  radiometric  density.  Figure  67  shows  the 

radial  velocity  map  of  K357-2.  The  eddy  current  response  is 
♦ 

shown  in  Figure  68.  Debonds  in  K357-2  were  more  like  those 
seen  in  CC-6  than  in  the  engineering  properties  Cylinder  R327. 
Examples  are  shown  in  Figure  69.  Figure  69  also  shows  loss 
of  radials  at  the  bottom  of  the  cone  similar  to  K357-1.  Ex- 
amples of  porous  areas  viewed  on  the  OD  of  the  cone  are  shown 
in  Figure  70. 

MECHANICAL  AND  THERMAL  PROPERTIES  OF  3DCC  CYLINDERS 

The  mechanical  and  thermal  properties  were  generated  on 
specimens  excised  mostly  from  Cylinders  CC-5  and  R327  with 
supporting  data  gathered  from  all  of  the  other  cylinders. 
Circumferential  tensile  data  were  gathered  on  these  other 
cylinders  (except  CC-4)  by  design  to  obtain  a mechanical  Q.C. 
Other  data  were  gathered  from  tasks  evaluating  the  impulse 
response  of  this  material  or  on  a material  availability  basis 
to  obtain  special  data  deemed  necessary  during  the  course  of 
the  program  to  interpret  key  properties.  For  comparison  and 
support,  the  AHP  data  on  this  material,  reported  in  AFML-TR- 
72-160,  will  be  given.  As  will  be  demonstrated,  the  properties 
of  this  material  changed  over  the  period  of  years  in  which  the 
materials  reported  here  were  produced.  An  attempt  will  be  made 
later  in  this  report  to  sort  these  distinctions. 
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Circumferential  Tgnsile  Results 


The  circumferential  tenaile  data  were  generated  at  70*F, 
2000°F  and  3000°F.  The  largest  data  package  waa  at  70*F  where 
the  Q.C.  rings  were  run.  These  data  were  developed  using  the 
hydrostatic  ring  facility  described  in  the  apparatus  section. 

The  2000*F  and  3000°F  data  were  generated  in  the  hot  ring 
facility.  There  were  problems  in  obtaining  valid  strain  data 
at  the  elevated  temperatures  and  a number  of  techniques  were 
tried.  The  technique  which  was  valid  for  standard  materials 
used  to  check  out  the  facility  (graphite  rod  dilatometer  on 
chords)  did  not  work  for  this  material  probably  because  the 
rings  deformed  not  as  cylinders.  Moly  wires  around  the  cir- 
cumference were  tried  but  would  stretch  during  the  test.  A 
successful  technique  was  finally  developed  using  a graphite 
yarn  wrapped  around  the  circumference  and  connected  to  LVDT's. 
Valid  ultimate  stress  data  were  obtained  for  all  tests. 

The  ring  tensile  data  are  reported  in  Table  10,  which 
includes  the  NDC  of  each  ring,  the  ultimate  strength  calculated 
using  thin  wall  formula  and  also  calculated  for  the  inside  and 
outside  surfaces  (higher  stresses  are  generated  on  the  inside 
diameter  of  the  ring) , the  elastic  modulus  calculated  based  on 
outside  wall  stresses  and  the  ultimate  strain.  These  data  are 
reported  by  cylinder  with  averages  given  when  more  than  one 
ring  come  from  a given  cylinder.  For  reference,  the  AHP  rings 
had  an  average  modulus  of  12.9  x 10 6 psi,  thin  wall  strength 
of  14,000  psi  and  a strain-to-failure  of  0.001  in. /in.  at  70®F. 
The  single  specimen  from  CC-3,  129-1-QC-6  was  similar  to  the 
AHP  material  in  that  it  was  linear  to  failure  and  had  roughly 
the  same  modulus  (12.2  x 106  psi),  but  was  stronger  (20,700  psi) 
and,  hence  had  higher  strain-to-failure . The  specimens  from 
CC-5  and,  to  a lesser  extent,  CC-6,  had  a different  nature, 
showing  a distinct  secondary  modulus.  These  curves  are  shown 
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in  composite  form  in  Figures  71  (CC-5)  and  72  (CC-6) . The 
first  two  runs  on  CC-5  both  burst  the  bladder  before  reaching 
failure.  Retest  gave  the  ultimate  stress  shown.  The  strain 
data  for  these  two  runs  were  obtained  with  clip-on  extensom- 
eters  on  chords.  The  clip-on  at  0°  for  TC-2  showed  a lower 
yield  than  the  90*  clip-on  which  showed  similar  results  to 
TC-1.  The  "yield"  (beginning  of  the  secondary  slope)  occurred 
at  roughly  the  average  failure  level  for  the  AHP  material. 

The  composite  for  CC-6  (Figure  70)  shows  the  stiffer  response 
recorded  by  the  strain  gage  located  at  270*  on  the  ring.  The 
clip-one # located  at  0*  and  180°  were  in  good  agreement  and 
showed  apparent  local  failures , first  occurring  at  roughly 
the  ultimate  seen  in  the  AHP  rings.  Dashed  lines  show  an 
interpretation  of  the  bulk  response  of  the  material  based  on 
the  slopes  of  the  clip-on  data  after  the  apparent  local  yarn 
failures.  The  70°F  nondestructive  mechanical  (NDM)  run  on 
TC-5 , which  was  a 3000 °F  ring,  is  shown  for  comparison. 

The  stress-strain  curves  for  the  two  specimens  from  CC-7 
are  shown  in  Figure  73.  This  cylinder  was  only  slightly 
stronger  than  the  AHP  material,  which  is  not  unsurprisingly 
as  it  has  been  distinguished  by  its  nature  and  by  other  tests 
to  be  a substandard  cylinder.  The  stress-strain  curves  shown 
in  Figure  74  are  for  the  other  end  of  that  same  cylinder. 

This  ring  (133-2-QC-4)  was  the  strongest  of  all  the  rings 
tested  showing  a wide  range  of  properties  from  one  end  to 
the  other  end  of  that  cylinder  (the  specimens  were  about  26 
inches  apart) . Unfortunately,  this  end  was  not  evaluated  in 
NDC  as  a cylinder.  The  other  three  cylinders  tested,  CC-8, 

R327  and  K366  were  very  similar  in  their  response.  The  stress- 
strain  curves  for  these  three  are  shown  in  Figures  75  through  77. 
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The  good  strength  of  ,CC-8  (Figure  73)  is  somewhat  anomalous  as 
in  many  respects,  radial  pushout  for  example,  this  was  a poor 
cylinder  (though  not  as  bad  as  C07)  , yet  it  did  utilize  the 
strength  of  the  circumferential  yarns  as  well  as  any  of  the 
cylinders.  This  would  indicate  that  a single  mechanical  Q.C. 
is  insufficient  criteria  in  the  evaluation  of  all  responses  of 
a material.  The  new  properties  cylinder  (R327)  and  the  Dining 
Car  cylinder  hoop  tensile  curves  (Figures  76  and  77)  are  very 
similar,  with  K366  being  somewhat  softer.  In  both  cases,  as 
was  the  case  with  CC-6 , the  strain  gages  show  the  material  to 
be  stiffer  than  do  the  clip-ons.  The  K366  ring  was  added  to 
the  program  as  a Q.C.  on  a cylinder  used  for  UGT  rings. 

Figure  78  is  a composite  of  probable  value  curves  generated 
on  each  of  the  cylinders.  Also  shown  on  this  figure  is  the 
average  AHP  data,  the  range  of  the  ring  segment  moduli  developed 
in  degraded  property  studies  and  the  end  points  of  data  generated 
by  AVCO  on  several  of  the  cylinders.  The  initial  moduli  of  all 
these  data  are  fairly  tight,  considering  the  wide  variety  of  the 
appearance  and  NDC  monitors  seen  for  the  different  cylinders, 
however,  the  hoop  strength  varies  from  15,000  to  31,000  psi. 

There  is  good  agreement  between  adjacent  specimens  from  one 
cylinder  but  the  distinction  from  end  to  end  of  a cylinder  is 
as  great  as  from  cylinder  to  cylinder. 

The  2000°F  strain  data  suffered  from  the  equipment  develop- 
mental problems  mentioned  earlier.  The  data  from  132-1-TC-6 
appear  uninterpretable  and  the  only  valid  value  from  that  test 
is  the  ultimate  stress.  The  data  from  Specimen  129-2-TC-3,  as 
measured  by  both  the  wire  loop  and  LVDT  (dilatometric  technique) 
are  in  reasonably  good  agreement  as  shown  in  Figure  79.  If  a 
4000  or  5000  psi  lag  is  presumed,  as  shown  in  Figure  80,  the 
data  shape  becomes  similar  to  the  shape  of  the  70°F  probable 
value  and  the  moduli  is  in  the  same  ratio  as  the  2000°F  and  70°F 


axial  data.  This  presumption  gives  a strain- to-failure  of  | 
0.0016  in. /in.  and  a modulus  of  16  x 10*  psi.  In  a similar  | 
fashion,  except  now  using  graphite  yarn  and  eliminating  the  | 
lag  Specimen  132-1-TC-4  gives  a valid  3000^  stress-strain  | j| 
curve  while  the  strain  data  for  TC-8  and  TC-9  are  invalid.  1 


Figure  81  shows  probable  value  curves  for  70°F,  2000°F 
and  3000°F  based  on  these  data.  Failure  data  are  added  to 
the  curves  as  X's  based  on  stress  level. 

Axial  Tensile  Results 

The  axial  tensile  data  were  generated  at  70°F,  2000 °F, 
3000°F  and  3500°F.  The  strain  was  measured  by  clip-on  exten- 
someters  for  70°F,  2000°F  and  3000°F  and  by  the  optical  strain 
analyzers  at  3500°F  A summary  of  all  of  the  axial  tensile 
data  are  given  in  Table  11,  which  also  gives  the  bulk  density, 
axial  velocity  and  radial  velocity  measured  on  the  specimen 
blank.  All  specimens  were  from  Cylinder  CC-5. 

The  composite  stress-strain  curves  for  the  four  temper- 
atures are  given  in  Figures  82  through  85.  The  clip-on  data 
(70°F-3000°F)  are  very  consistent,  at  least  through  the  first 
half  of  the  curve.  Some  erratic  behavior  are  seen  in  the 
latt^  portion  of  the  curves,  especially  at  3000 °F,  due  to 
relative  motion  of  yarn  bundles  moving  the  clip-on  flags. 

The  data  from  131-1-TA-7  are  from  the  first  of  two  runs  on 
the  specimen  when  the  pullrod  failed.  On  reloading  the  speci- 
men failed  at  a lower  stress.  The  3500°F  moduli  and  particu- 
larly strains-to-failure  are  somewhat  discounted  due  to 
suspected  internal  bending  in  the  specimens  which  is  not 
balanced  out  in  the  optical  analyzer  as  it  is  in  the  balanced 
clip-on  extensometer . A composite  of  the  probable  value  curves 
generated  on  the  70°F,  2000°F  and  3000°F  data  is  shown  in 
Figure  86. 


Radial  Tensile  Results 
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Three  radial  tensile  tests  were  run,  all  from  Cylinder  R327. 
Ultimate  strength  was  measured  on  each.  The  data  from  these 
three  tests  are  given  in  Table  12.  All  three  specimens  were 
below  the  average  density  of  the  cylinder,  but  the  lowest 
strength  specimen  was  the  highest  density  of  the  three.  The 
average  strength  for  the  three  was  366  psi.  The  specimens  all 
failed  near  the  bond  line  along  9Z  planes  (the  plane  of  the 
delams)  and  the  radial  fiber  bundles  pulled  out  rather  than 
failing.  Since  the  radial  pushout  (or  pullout)  strength  over 
such  a short  length  would  be  minimal  (see  Table  7) , the  radial 
strength  reported  here  is  an  approximation  of  the  bond  of  the 
9Z  planes 


Circumferential  Compressive  Results 


Most  of  the  circumferential  compressive  data  were  generated 
on  straight  coupon  compressive  specimens  tested  with  lateral 
supports.  The  lateral  supports  act  to  partially,  but  not  fully, 
counteract  the  bending  loads  induced  by  the  curvature  of  the 
reinforcements  in  the  specimen.  The  effect  of  this  curvature 
on  the  response  of  a 3DCC  circumferential  specimen  is  shown  in 
Figure  87.  In  that  case,  using  a curved  specimen  and  no  sup- 
ports better  than  50  percent  of  the  response  is  attributable  to 
bending.  A further  example,  using  increasing  amounts  of  side 
support  on  a ring  (FCC)  in  the  ring  segment  compressive  facility 
shows  not  only  a decrease  in  the  bending  but  also  significant 
increase  in  the  average  moduli  with  increasing  side  support 
(Figure  88) . In  addition  to  affecting  the  stiffness,  the 


bending  load  also  has  a drastic  effect  on  yield  and  ultimate 
in  3DCC.  This  is  shown  in  Figure  89  with  data  generated  under 
the  CCDP  program  in  3DCC  debug  material.  The  supported  specimen 
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yielded  over  12,000  psi  while  the  unsupported  specimen  was 
softer  and  yielded  at  about  6000  psi.  Successive  loadings 
further  decreased  the  yield  strength.  The  supported  specimen 
failed  in  shear  while  the  unsupported  specimen  failed  by  in- 
ternal buckle.  As  the  delams  in  the  unsupported  specimen 
were  extended  with  successive  loadings,  the  yield  (internal 
buckle)  stress  decreased. 

Despite  the  partial  support  provided  by  the  support 
pieces,  this  bending  occurred,  as  expected,  in  the  straight 
circumferential  compressive  specimens.  However,  facilities 
do  not  exist  to  properly  evaluate  the  circumferential  com- 
pressive properties  at  elevated  temperatures.  The  approach 
taken  was  to  evaluate  straight  specimens  (with  partial  support) 
at  70 °F  and  at  elevated  temperatures  and  to  properly  evaluate 
the  response  in  several  tests  designed  to  remove  the  bending 
mode  at  room  temperature.  The  tests  used  in  this  evaluation 
were  the  curved  coupon  compressive  facility,  the  ring  segment 
facility  and  the  hydrostatic  compressive  facility.  By  assuming 
the  change  in  mode  at  elevated  temperatures  was  negligible,  it 
was  thought  that  the  straight  coupon  data  could  be  used  to 
extrapolate  the  "good"  circumferential  compressive  data  to 
elevated  temperatures. 

The  coupon  compressive  data  for  3DCC  are  given  in  Table  13. 
The  distinction  between  the  straight  and  supported  curved  coupon 
specimens  is  evident  in  both  the  modulus  and  the  ultimate  stress 
reached.  Figure  90  shows  a composite  of  the  straight  specimen 
data  at  70°F  and  Figure  91  shows  a composite  of  the  curved  coupon 
data.  Specimen  131-CC-17  was  from  the  inner  portion  of  the 
cylinder  and  131-CC-18  from  the  outer  portion.  These  data  are 
compared  in  Figure  92  which  shows  the  probable  value  curves 
from  the  two  tests  overplotted.  The  relative  performance  is 
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similar  to  that  shown  in  the  previous  studies.  Additional 
supportive  data  were  gathered  using  the  hydrostatic  compressive 
test,  loading  two  rings  to  3000  psi  and,  as  before,  using  the 
average  of  the  rear  180°  hit  rings  from  the  degraded  property 
studies.  The  data  from  the  hydrostatic  test  are  shown  in 
Table  14.  The  average  modulus  measured  from  all  the  hit  rings 
(<2KT-180°)  was  13.5  x 106  psi  and  the  average  around  two 
virgin  rings  tested  (from  K366)  was  12.9  x 106  psi. 

One  ring  was  tested  in  ring  flexure  (RF2)  as  a check  on 
the  moduli.  The  results  of  that  test  are  shewn  in  Table  15. 

The  flex  component  is  quite  obvious  in  the  results  obtained, 

the  stiffness  being  below  that  of  the  straight  coupon  compressive 

data. 

Axial  Compressive  Results 

The  axial  compressive  data  for  the  3DCC  material  are  shown 
in  Table  15.  The  specimens  for  these  evaluations  came  from 
both  CC-5  and  R327  and  are  separated  by  cylinder  in  Table  16.  . 

No  strong  distinctions  are  seen  between  the  cylinders  except 
at  70°F  where  the  value  for  Specimen  131-1-CA-l  was  much  higher. 
This  point  is  also  high  with  respect  to  3000 °F  data  from  the 
same  cylinder  and  high  by  fiber  volume  arguments  with  respect 
to  circumferential  data.  No  explanation  has  been  found  for 
this  unusually  stiff  specimen.  The  rest  of  the  data  look  right 
with,  perhaps,  the  4000°F  average  on  the  low  side.  There  did 
not  appear  to  be  much  effect  of  stress  rate  at  5000 °F  but  the 
effect  of  stress  rate  at  5500°F  was  quite  distinct.  Composite 
plots  of  these  stress-strain  curves  are  presented  in  Figures 
93  through  97. 
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The  specimen  configuration  used  differed  slightly  between 
the  two  cylinders,  that  for  R327  having  straight  sides  and 
that  for  CC-5  having  radial  sides.  Both  had  the  same  number 
of  axial  yarns  in  the  gage  section  but  the  cross-sectional 
area  of  the  CC-5  specimens  was  slightly  larger  giving  even 
numbers  of  unit  cells.  The  cut,  in  both  cases,  was  entirely 
through  radial  rather  than  axial  yarns.  The  composite  plots 
are  combined  by  standardizing  on  the  CC-5  specimen  (or,  said 
another  way,  are  plotted  versus  constant  yarn  volume  fraction) . 
The  distinction  between  the  two  specimens  is  about  12  percent 
in  area.  This  shows  up  in  the  moduli  at  3000°F  and  4000°F 
(the  issue  is  confused  at  5000 °F  by  strain  rate)  and  makes 
the  odd  data  point  at  70°F  even  more  out  of  line.  The  CC-5 
specimen  should  better  reflect  the  fiber  volume  in  the  bulk 
cylinder. 

A composite  plot  of  probable  value  curves,  based  on  the 
radial  cut  specimens  response  with  the  square  specimen  re- 
sponse factored  in,  is  provided  in  Figure  98. 

Torsional  Shear  Results 

Six  torsional  shear  stress-strain  curves  were  generated, 
three  each  at  70°F  and  3000°F.  Four  of  the  specimens  were 
from  Cylinder  131  and  two  from  Cylinder  R327.  The  data  from 
these  runs  are  shown  in  Table  17  and  the  composite  stress- 
strain  curves  in  Figures  99  and  100.  It  should  be  remembered 
in  evaluating  these  data  that  the  resultant  stiffness  measured 
is  a function  of  the  shearing  stiffness  in  both  the  ZR  and  Z6 
planes . 

Thermal  Expansion 

The  thermal  expansion  was  measured  on  specimens  from  CC-5, 
R327  and  the  loose  radials  cylinder,  CC-8.  Each  curve  shown 
here  represents  the  results  of  at  least  one  quartz  dilatometer 
(1500°F)  and  one  graphite  dilatometer  (5000 °F)  evaluation  and 
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usually  two  or  three  graphite  dilatometer  runs.  Figure  101 
shows  the  circumferential  thermal  expansion.  The  AKP  material 
expansion  is  plotted  for  comparison.  The  expansion  of  the  AHP 
material  was  lower  than  any  of  the  current  materials  due  mostly 
to  a larger  negative  dip  from  70°F  to  1500 °F.  The  CC-5  and 
R327  data  were  intermediate  and  the  value  for  the  loose  radial 
(CC-8)  cylinder  material  (134-2)  is  highest.  The  specimens 
from  131  seemed  to  "peel  off"  from  the  rest  of  the  data  at 
about  4800°F  and  had  a negative  return  while  R327  specimens 
continued  up.  CC-8  also  tended  to  peel  over,  starting  at 
4500°F.  The  axial  thermal  expansion  curves,  shown  in  Figure 
102  show  the  same  trends  as  do  the  circumferential  expansion 
curves.  Again,  the  material  from  CC-5  bends  over  at  about 
4800 °F  and  has  a negative  return.  In  the  radial  direction, 

Figure  103,  the  expansions  are  much  higher  and  have  no  negative 
dip.  This  is  expected  due  to  the  WYB  reinforcements  in  the 
radial  direction  which  have  a much  higher  expansion  than  the 
Thornel  50  used  in  the  axial  and  circumferential  directions. 

The  specimens  from  CC-8  (loose  radials)  had  a much  higher 
expansion  than  did  either  the  AHP  material  or  the  R327  specimens, 
due,  apparently,  to  the  lack  of  bonding  of  the  axial/circum- 
ferential "plies"  by  the  radials.  While  the  CC-8  expansion  is 
much  higher  through  the  entire  temperature  range,  the  rate  of 
radial  expansion  tends  to  increase  at  about  3800 °F  indicating, 
perhaps,  that  the  radials  let  go  completely  at  that  point. 
Extrapolating  back  using  the  slope  at  3800°F,  there  is  a dif- 
ference of  three  mils  at  that  point  which,  with  an  approximate 
one  million  modulus  in  the  char,  would  mean  a tensile  load  of 
3000  psi  which  exceeds  typical  char  strength.  Thought  of 
another  way,  the  radial  pushout  strength  of  CC-8  was  about 
40  lbs/half  inch  length,  which  with  65  radials  in  a square 
inch  gives  2600  psi  to  move  the  radials  in  half  inch  thick 
material  (like  the  radial  CTE  specimens) . 
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Therm;  1 Conductivity  Results 

The  axial  thermal  conductivity,  which  should  be  dominated 
by  the  axial  yarns,  was  measured  through  5000°F  only  on  CC-8 
(134-2).  These  data  are  shown  in  Figure  104.  The  conductivity 
of  R327-1  was  run  as  a check  on  these  data  through  1500°F  only. 
The  initial  conductivity  of  R327  was  higher  than  the  CC-8 
material,  as  might  be  expected  due  to  the  poorer  bonding,  but 
it  is  almost  identical  by  1500 °F.  The  radial  conductivity 
results  are  shown  in  Figure  105.  The  conductivity  of  CC-8  is 
higher  than  that  of  either  R327-1  or  AHP  and  the  two  do  not 
appear  to  be  converging. 

Specific  Heat 

The  specific  heat  was  determined  on  three  specimens  from 
R327.  The  results  are  shown  in  Figures  106  (enthalpy)  and  107 
(heat  capacity) . 

Recommended  Design  Data  for  3DCC  Cylinders 

A set  of  recommended  design  properties  for  the  3DCC  cylin- 
drical material  has  been  generated  based  on  the  data  generated 
under  this  program.  Other  data,  from  the  AVCO  3DCC  hoop  tensile 
tests  and  the  AHP  program  have  been  considered  in  the  generation 
of  these  values  but  the  values  are  biased  to  reflect  the  more 
recently  produced  materials  and  ignore  some  of  the  anomalies 
shown  by  CC-8  (loose  radials) . These  values  are  for  cylinders 
with  an  Ar/At  of  0.49  and  may  not  be  representative  of  either 
cylinders  of  different  A^/A,  or  conical  material.  Similar 

4.  L. 

recommendations  t.11  be  presented  for  conical  material  in  a 
later  section.  Some  engineering  judgements  are  contained  in 
the  selection  of  these  moduli  and  a discussion  of  the  various 
elections  made  is  provided  in  the  following. 
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A plot  of  the  circumferential  tensile  moduli  is  shown  in 
Figure  108.  Both  the  CCDP  EDP  (current  effort)  data  and  AHP 
data  are  shown  in  the  70°F  column.  The  average  modulus  of  the 
ten  70 °F  rings  run  under  this  program  is  13.5  x 10®  psi.  This 
mean  value  is  supported  by  the  average  of  the  rear  180°  values 
from  ring  segment  tensile  (13.9)  and  the  mean  of  the  AHP  data 
(12.9).  It  is  slightly  higher  than  would  be  anticipated  based 
on  the  mean  of  the  axial  tensile  data  (8.5) (1.5)  = 12.75). 

Two  valid  data  points  exist  at  2000°F  and  3000°F  (one  of  which 
was  inferred  from  the  data  as  discussed) . These  two  data 
points  plus  the  trend  of  the  axial  data  were  used  to  develop 
the  trend  of  the  circumferential  tensile  moduli  with  tem- 
perature. After  3500°F  the  modulus  was  presumed  to  fall  lin- 
early to  one  million  psi  at  6000°F. 

The  recommended  axial  tensile  moduli  are  shown  in  Figure 
109.  They  are  based  on  the  mean  of  the  axial  data  developed 
under  this  program.  For  comparison,  the  axial  compressive 
and  circumferential  tensile  values  are  shown.  The  lack  of 
agreement  with  the  AHP  results  are  not  understood  but  the 
current  data  are  consistent  with  fiber  volume  arguments  and 
with  the  trend  also  seen  in  the  circumferential  data  of  the 
3DCC  slightly  stiffer  in  tension  than  in  compression. 

The  recommended  ci~cumferential  compressive  modulus 
curve  is  shown  in  Figure  110.  The  70°F  value  was  fixed  by 
the  curved  coupon  compressive  data  and  shifted  slightly  stiffer 
than  the  average  based  on  the  hydrostatic  compressive  data 
(12.7  x 106  psi)  and  the  ring  segment  data  shown.  The  trend 
with  increasing  temperature  was  based  on  the  trend  seen  in 
the  axial  data  rather  than  the  unsupported  straight  specimens 
which  would  have  shown  a lower  value  at  3500°F  and  higher  at 
5000°F . 
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The  reconunended  axial  compressive  moduli  are  shown  in  | 
Figure  111.  The  axial  tensile  data  are  shown  for  comparison.  ] 
The  70°F  modulus  is  taken  from  the  two  R327  specimens,  re-  f 
vised  down  12  percent  per  the  arguments  presented  previously  | 
then  back  up  to  be  in  line  with  the  relationship  to  the  | 1 
tensile  data  seen  in  the  circumferential  data.  The  data  i 


point  from  CC-5  has  been  discounted  as  inconsistent  based 
on  fiber  volume  arguments.  The  trend  with  temperature  is 
taken  from  the  average  of  the  data  with  the  R327  specimens 
adjusted  for  cross-sectional  area  as  shown. 

The  four  curves  generated  are  shown  in  Figure  112  and 
in  Table  18.  The  recommended  thermal  expansion  curves  are 
presented  in  Figure  113  and  the  recommended  thermal  conduc- 
tivity curves  in  Figure  114.  These  data  do  not  reflect  the 
somewhat  higher  expansion  and  conductivity  of  CC-8 . The 
ultimate  stress  data  for  both  the  axial  and  circumferential 
tensile  tests  are  summarized  in  Figure  il5  and  the  ultimate 
strain  data  in  Figure  116 . 

MECHANICAL  AND  THERMAL  DATA  ON  THE  3DCC  CONE 

The  matrix  and  cutting  plans  established  for  the  3DCC 
cone  were  designed  to  evaluate  the  cone  with  respect  to  both 
the  distinctions  between  conical  and  cylindrical  material  and 
also  with  respect  to  variation  along  the  length  of  the  cone. 
Specimens  for  four  key  properties,  circumferential  tensile, 
axial  tensile,  torsional  shear  and  thermal  expansion,  were 
intentionally  excised  and  from  several  locations  along  the 
length  of  the  cone  to  monitor  the  latter.  The  Ar/At  of  the 
cone  varies  from  0.75  at  the  bottom  to  0.52  at  the  top.  (The 
cylinders  were  0.49).  One  to  one  comparison  with  the  cylinders 
will  require  extrapolation  to  equivalent  Ar/At. 


Circumferential  Tensile  Results 


Three  hoop  tensile  rings  were  taken  from  the  cone,  one 
each  from  the  top  (Ar/A^  * 0.52),  middle  (Ar/A^  ■ 0.67)  and 
the  bottom  (Ar/At  ■ 0.76).  The  results  of  these  three  runs 
are  summarized  in  Table  19.  The  bottom  ring  was  run  with 
strain  gages  only.  The  stress-strain  curves  for  the  0°  and 
90°  strain  gages  are  shown  in  Figure  117.  It  was  very 
similar  in  density,  velocities  and  hoop  response  to  the 
middle  ring  shown  in  Figure  118,  which  was  only  slightly 
weaker  and  softer.  Figure  119  shows  the  top  ring,  whose 
response  was  somewhat  different  from  the  other  two.  The 
top  ring  was  much  less  dense  (less  so  than  CC-8  which  was 
rejected  on  the  basis  of  density  before  the  loose  radial 
problem  was  discovered) , lower  circumferential  and  radial 
velocity,  stronger  (approximately  40,000  psi  versus  ap- 
proximately 25,000  psi)  and  softer  (under  the  average  for  the 
cylinders) . A comparison  of  the  response  of  the  three  rings 
is  provided  in  Figure  120  which  show  probable  value  curves 
for  each  of  the  three  rings.  The  bottom  ring  data  are  ap- 
proximated based  on  the  strain  gage  data  for  that  ring  and 
the  trend  seen  in  the  other  two  rings  between  clip-on  and 
strain  gage  data. 

Axial  Tensile  Results 

The  axial  tensile  data  on  the  cone  were  generated  using 
three  different  specimens,  one  for  those  near  the  top  (speci- 
mens 1,  2,  3,  4 and  10)  which  contained  five  rows  of  axial 
yarns,  one  for  the  specimens  near  the  middle  (numbers  5,  6, 

7,  8 and  9),  which  also  contained  five  rows  of  yarns  and  one 
from  near  the  bottom  which  contained  three  rows  of  axial  yarns 
(numbers  11,  12,  13,  14  and  15)  . The  mean  Ar/A^.  of  the  top 
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specimens  was  0.57,  of  the  middle  specimens  was  0.64  and  of  the 
bottom  specimens  was  0.72.  The  three  were  evenly  distributed 
among  the  four  test  temperatures,  70°F,  2000°F,  3000°F  and 
3500°F.  All  strain  measurements  were  made  using  balancing 
clip-ons  to  alleviate  the  effect  of  internal  bending  of  the 
data.  The  ultimate  stress  was  calculated  using  the  area  at 
the  failure  location.  Two  specimens,  T-9-A  and  T-14-A  were 
broken  in  handling. 

v' 

The  summary  for  axial  tension  is  given  in  Table  20 i which 
lists  the  specimens  by  temperature.  The  averages  given  are 
unbalanced  in  that  there  is  one  additional  top  of  the  cone 
data  point  in  the  70 °F  data.  As  is  evident  from  Table  20, 
and  as  will  be  discussed  later,  the  axial  properties  vary 
along  the  cone.  Composite  plots  of  the  stress-strain  behavior 
are  provided  in  Figures  121  (70°F) , 122  (2000°F) , 123  (3000®F) 
and  124  (3500°F).  Specimen  T-l-A  was  run  twice  because  the 
pullrod  broke  on  the  first  loading  at  about  18,000  psi.  On 
reloading,  the  response  was  softer.  The  modulus  given  in 
Table  20  is  from  the  first  loading.  If  the  first  curve  was 
extrapolated  to  the  ultimate  stress,  the  strain-to-failure 
would  be  0.0035  in. /in.  which  is  more  in  line  with  the  rest 
of  the  data  generated. 

Figure  125  shows  a composite  plot  of  the  probable  value 
curves  broken  down  both  by  temperature  and  specimen  location. 
Since  there  is  typically  just  one  (in  a couple  of  cases,  two) 
curve  for  each  condition,  the  probable  value  is  different 
from  that  presented  earlier  in  that  judgements  based  on  a set 
of  data  are  not  possible.  Some  guidance  has  been  taken  from 
trends  in  the  data,  but  these  curves  are  essentially  as  re- 
ported in  Figures  121  through  124  with  evident  internal  bending 
and  noise  in  the  data  removed. 
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Figure  126  is  a map  of  the  fracture  locations  for  these 
specimens.  Only  two  broke  out  of  the  gage  section  (both 
towards  the  top) . Despite  the  narrowing  of  the  specimen 
towards  the  top  almost  half  (5  out  of  12)  failed  in  the 
bottom  half  of  the  specimen.  This  confirms  the  supposition 
that  the  yarns  in  the  direction  of  loading  are  the  only 
significant  load  bearing  portions  of  the  material. 

Radial  Tensile  Results 

Three  radial  tensile  specimens  were  manufactured  similar 
to  those  made  from  the  cylindrical  material.  Of  these*  two 
were  damaged  prior  to  test.  The  value  for  one  specimen  tested 
was  slightly  higher  than  the  range  of  the  cylinder  material. 

The  Ar/At  of  that  specimen  was  0.68.  The  results  are  shown  in 
Table  21. 

Circumferential  Compressive  Results 

The  circumferential  compressive  tests  were  run  at  70°F, 
3000°F  and  5000°F  only.  Because  of  the  number  of  variables 
involved,  the  mosts  dominant  being  the  use  of  a straight  speci- 
men, it  was  not  deemed  useful  to  complete  the  matrix.  The 
effect  of  the  straight  specimen  was  discussed  in  the  cylinder 
data  section.  The  bending  was  quite  evident  in  these  specimens 
as  shown  in  the  composite  plots,  Figures  127  through  129.  At 
all  temperatures  the  specimen  would  continue  to  bear  load  after 
peak  stress.  Both  the  peak  stress  and  the  modulus  for  these 
specimens  increased  dramatically  at  3000°F.  This  is  possibly 
due  to  the  increase  in  shear  modulus  over  that  range  as  will 
be  presented.  The  data  from  these  runs  are  shown  in  Table  22. 
The  70°F  stress-strain  curves,  Figure  127,  tend  to  stiffen 
with  increased  loading.  Choosing  the  stiff er  portion  of  the 


curve  for  the  modulus  calculation  gives  an  average  value  of 
6.9  x 10*  psi  rather  than  4.6  x 10*  pBi  as  shown  in  Table  27. 
All  of  the  specimens  came  from  the  lower  portion  of  the  cone 
with  specimens  1 through  5 closer  to  the  top,  Ar/At  - 0.70, 

11  through  15  closer  to  the  bottom  Ar/At  ■ 0.72  and  6 through 
10  intermediate. 

Axial  Compressive  Results 

The  axial  compressive  data  are  summarized  in  Table  22. 

It  was  generated  at  70°F,  30009F,  40Q09F,  5000°F  and  5500°F. 
The  5000°F  and  5500°F  data  were  measured  at  two  stress  rates, 
10,000  psi/min  and  100,000  psi/min.  The  specimens  were  all 
from  the  mid-section  of  the  cone  with  the  Ar/A^  of  the  speci- 
mens numbered  1 through  7 being  approximately  0.62  and  the 
Ar/At  of  specimens  numbered  8 through  15  being  approximately 
0.65.  The  data  generated  on  these  specimens  are  summarized 
in  Table  23,  which  gives  the  density  and  velocity  data  gen- 
erated on  the  specimen  blank,  the  ultimate  strength,  the 
initial  elastic  modulus  and  the  total  strain-to-failure . 

Four  of  the  specimens  were  poorly  machined,  one  off  center 
cutting  into  one  row  of  axial  yarns  (of  three)  and  the  other 
three  centered  on  a radial  row  with  only  two  axial  rows  cen- 
tered on  a radial  row  with  only  two  axial  rows  (instead  of 
three).  These  are  labeled  in  Table  23. 

Figure  130  presents  the  composite  axial  compressive 
stress-strain  curve  at  70 °F.  The  one  curve  run  on  the  speci- 
men with  only  2.5  axial  rows  is  clearly  distinguished  by  its 
lower  modulus  and  slightly  lower  ultimate  stress.  There  is 
good  agreement  between  the  other  two  specimens,  both  from  the 
same  level  in  the  cone.  The  average  modulus  without  the  mis- 
machined  specimen  was  7,67  x 10 6 psi.  Figure  131  shows  the 
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composite  curves  for  3000°F.  Again,  the  poorly  machined  speci- 
men is  distinguished  by  a softer  modulus  and  'o  er  ultimate 
stress.  The  average  modulus  without  that  specimen  was  7.17  x 
1.06  psi.  The  4000°F  data  are  shown  in  Figure  132.  The  two 
axial  specimen  were- considerably  softer  than  the  other  two. 

The  average  modulus  without  that  curve  was  5.06  x 10 6 psi. 

The  composite  curve  for  5000°F  is  3hown  in  Figure  133.  Unlike 
the  cylindrical  data,  the  5000°F,  10,000  psi  stress  rate  data 
were  much  softer  than  the  100,000  psi  stress  rate  data.  Un- 
fortunately, the  10,000  psi  run  was  conducted  on  a radial 
centered  specimen.  This,  however,  may  be  significant  in  that 
if  one  ratios  this  modulus  by  the  average  ratio  of  the  less 
than  three  row  specimens  at  70°F,  3000°F  and  4000°F  (0.73),  it 
is  still  significantly  softer  than  the  100,000  psi/min  specimens 
giving  2.85  versus  4.7  10 6 psi.  The  5500 °F  curves  are  shown 

in  Figure  134.  The  effect  of  stress  rate  is  quite  evident  as 
it  was  in  the  cylindrical  data. 

Figure  135  is  a composite  plot  of  probable  value  curves 
generated  on  the  axial  compressive  curves  at  each  condition. 

The  curves  are  based  on  the  full  cell  specimens  only.  The 
5000°F,  10,000  psi/min  curve  is  modified  based  on  a 1.37  (1/0.73) 
factor  to  account  for  the  specimen  and  is  a "best  guess"  curve. 
Insufficient  data  were  gathered  to  sort  any  distinction  in  the 
slight  difference  = 0.62  to  0.65)  in  cone  location. 

Torsional  Shear  Results 

The  torsional  shear  data  desired  from  conical  specimens  at 
70°F  and  3000°F  are  shown  in  Table  24.  The  70°F  data  were  gen- 
erated on  specimens  at  three  different  locations  along  the  cone. 
The  specimens  from  the  middle  and  top  of  the  cone  (Ar/At  = 0.615 
and  0.555)  were  nearly  identical  in  response  and  similar  to  the 
average  of  the  torsional  shear  data  from  the  cylinders  (0.209  x 
106  psi) . (The  cylinder  data  showed  a distinct  difference 
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between  R327  and  CC-5) . The  specimen  from  the  base  of  the  cone 
(Ar/At  * 0.735)  was  much  softer  than  the  other  two  (0.05  x 10s 
psi) . The  three  specimens  run  at  3000°F  were  taken  from  the  same 
location  in  the  cone  (Ar/A^  = 0.555)  as  Specimen  R357-2-TS-2. 

The  average  modulus  measured  on  these  specimens  was  much  stiffer, 
0.396  x 10s  psi.  (The  cylindrical  value  at  70°F  is  64  percent 
of  3000°F  value  while,  with  one  70°F  data  point,  the  conical 

s 

3000°F  shear  modulus  is  only  45.5  percent). 

Thermal  Expansion  Results 

The  results  of  the  thermal  expansion  measurements  in  the 
circumferential  direction  on  the  cone  (K357-2)  are  shown  in 
Figure  136.  The  specimens  were  taken  from  three  locations  in 
the  cone,  TE-4-C  from  the  top  of  the  cone  Ar/At  = 0.54,  TE-5-C 
from  one  quarter  of  the  way  down  the  cone  Ar/At  = 0.57  and 
TE-l-C  and  TE-2-C  from  one  third  of  the  way  up  from  the  bottom 
(Ar/At  = 0.68).  A fifth  specimen,  TE-3-C,  was  destroyed  during 
testing. 

The  response  of  all  four  specimens  was  essentially  identical 
under  2000°F.  Above  that  temperature,  the  specimen  from  the  top 
had  a higher  expansion  than  the  rest  until  about  4100°F  where  it 
began  to  shrink.  The  test  was  discontirued  at  4600°F.  When  run 
again  the  specimen  began  to  shrink  again  at  about  4500 °F.  It 
shrank  0.6  mils/inch  during  the  first  run  to  4600°F  and  over  a 
mil/inch  during  the  second  run  to  5100 °F.  Specimen  5,  taken 
from  about  three  inches  further  down  the  cone  also  began  to  expand 
less  at  about  4300°F  and  after  the  run  (51008F)  had  shrunk  1.3 
mils/inch.  The  other  two  specimens  showed  the  slight  residual 
expansion  typical  of  carbon-carbons.  The  expansions  of  Specimens 
TE-l-C  and  TE-2-C  were  more  consistant  and  were  higher  than  the 
cylindrical  data,  as  shown  in  Figure  136. 
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Axial  Thermal  Expansion  - The  axial  thermal  expansion 
results  are  shown  in  Figure  137.  The  specimens  came  from 
three  locations  of  roughly  72,  72  and  65  Ar/At.  Through 
4000 °F , the  specimen  highest  in  the  cone,  TE-3-A,  had  the 
highest  expansion  and  vice  versa.  After  4000 °F,  3 -A "did 
not  expand  as  much  as  the  other  two.  All  three  were  fairly 
similar  in  expansion  to  the  cylindrical  material. 

Radial  Thermal  Expansion  - The  radial  thermal  expansion 
results  are  shown  in  Figure  138.  All  of  the  specimens  came 
from  near  the  bottom  of  the  cone  (Ar/At  = 0.72  to  0.75). 

The  radial  expansion  of  these  specimens  was  higher  than  the 
axial  and  circumferential  directions  (WYB)  versus  T50  yarn) . 

Thermal  Conductivity  Results 

The  thermal  conductivity  data  generated  are  presented  in 
Figures  139  (axial)  and  140  (radial) . In  both  cases  the  con- 
ductivity appears  to  be  a function  of  the  Ar/At.  In  the  axial 
direction  the  conductivity  is  lower  thar  for  the  cylindrical 
direction.  The  average  Ar/At  of  the  axial  specimens  from  the 
cone  was  about  0.72  or  about  75  percent  of  the  ax? al  fiber  volume 
fraction  of  the  cylindrical  material  Ar/At.  This  is  almost 
exactly  the  ratio  maintained  between  the  two  curves  through  2000 °F 
after  which  the  ratio  is  slightly  lower  (0.7  at  4000°F)  . Similar 
results,  with  the  order  reversed,  are  seen  in  the  radial  data. 
CR-2R  was  taken  at  an  intermediate  Ar/A^. 

Specific  Heat 

The  specific  heat  was  determined  on  three  specimens  from 
Cone  K357-2.  The  results  are  shown  in  Figures  141  (heat 
capacity),  and  142  (enthalpy). 


Variation  of  Properties  Along  the  Cone 

As  expected,  there  are  variations  of  the  properties  along 
the  cone,  most  of  which  can  be  defined  by  the  changing  structure 
(Aj./A't)*- hut  whi-ch- also- might,  be  associated  with  the  effect  of 
the  changing  diameter.  The  properties  available  with  a wide 
variety  of  Ar/At's  are  the  circumferential  tension,  axial  tension 
and  to  a much  lesser  extent,  axial  compression.  The  circum- 
ferential tensile  data  were  shown  in  Table  19.  The  ring  is 
softer  but  stronger  at  the  top.  As  the  circumferential  volume 
fraction  is  not  changing,  this  is  probably  due  to  differences 
in  the  manufacture  of  smaller  diameter  pieces.  The  change  in 
modulus  is  also  monitored  in  the  change  in  circumferential 
velocity.  Little  difference  is  seen  in  the  circumferential 
expansion  (the  top  is  slightly  higher)  except  for  the  shrinking 
problem  near  the  top  discussed  earlier.  The  axial  direction 
shows  the  strongest  correlations  as  would  be  expected  as  the 
axial  fiber  volume  ratio  is  decreasing  with  increasing  Ar/Af 
The  effect  of  changing  Ar/At  on  tne  axial  tensile  modulus  is 
shown  in  Figure  143.  The  data  are  not  always  consistent  at 
each  temperature  (one  data  point  each) , but  the  trend  of  de- 
creasing stiffness  going  down  the  cone  is  clear.  The  effect 
on  strength  is  more  distinct  as  shown  in  Figure  144.  The  top 
specimens  are  much  stronger  than  the  middle  ones,  which  are 
stronger  than  for  the  bottom.  The  distinction  is  not  clear 
in  the  axial  compressive  data  which  have  only  a slight  dif- 
ference in  the  Ar/At  (0.62/0.65).  However,  plots  of  that  data 


*Ar/At  is  not  fully  definitive  of  the  structure,  since  the 
ratio  of  yarn  areas  varies  in  the  R0  plane,  but  is  used  as  such 
here . 
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do  indicate  the  effect  of  having  less  than  three  full  cells 
in  the  specimen  on  the  data.  These  are  shown  for  modulus  in 
Figure  145  and  strength  in  Figure  146.  The  data  discussed  to 
this  point  are  summarized  in  Figures  147  and  148  which  over 
plot  the  data  from  several  tests  . in  terms  of  percentage  of  the 
highest  value  obtained  for  the  several  Ar/At  ratios  tested. 

In  both  figures  for  strength  and  modulus,  the  circumferential 
data  do  not  appear  to  sort  by  Ar/At.  The  axial  data,  however, 
are  a strong  function  of  Ar/At.  The  axial  data  sort  directly 
by  Ar/At  with  the  sole  exception  of  the  3000 °F  axial  modulus 
which  was  stif fer  in  the  conical  material  for  equivalent  Ar/At 
than  in  the  cylindrical  material.  After  that,  it  too  sorted 
by  Ar/At. 

Other  data  which  sorted  by  Ar/At  were  the  torsional  shear 

modulus  which  was  much  lower  at  the  bottom  of  the  cone,  and 

\ 

the  thermal  conductivities  (Figures  139  and  140)  , which  were 
apparently  a direct  function  of  fiber  volume  fraction. 

A first  approximation  of  the  variation  of  70°F  moduli 
along  a cone  (changing  Ar/A^)  is  provided  in  Figure  149. 

Other  factors  aside  from  Ar/At  undoubtedly  contribute  to  these 
trends  which  are  for  Cone  K357.  Trends  of  those  properties 
with  temperature  can  be  taken  from  the  data  presented  herein. 
As  the  piece  to  piece  variability  has  been  shown  to  be  quite 
strong,  some  keying  data  would  be  necessary  to  apply  these 
data  to  a new  piece . 


CONCLUSIONS 


This  report  has  provided  a data  package  for  both  the 
cylinder  and  conical  forms  of  AVCO  3DCC.  The  package  for 
the  cylinder  is  more  complete  in  that  there  was  one  less 
variable  to  be  considered.  It  provides  a baseline  with 
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which  to  interpret  the  conical  data  though  the  trends  were  not 
always  the  same  between  the  two.  Variability  from  piece  to 
piece  of  these  materials  has  been  documented  both  nondestruc- 
tively  and  mechanically.  There  did  not  appear  to  be  one  test 
which  would  characterize  the  quality  of  a material  by  itself. 

For  example,  CC-8,  which  was  substandard  by  a number  of  criteria, 
but  looked  good  in  circumferential  tension. 

Several  new  tests  have  been  qualified  under  this  program, 
and  now  form  an  expanded  array  of  techniques  available  for 
evaluating  materials  for  this  and  similar  applications. 

The  nature  of  the  background  and  anomalous  structure 
identified  under  this  program  aid  the  evaluation  of  damage 
in  these  materials  and  the  properties  generated  provide  a 
virgin  baseline  for  the  degraded  properties  currently  under 
investigation  as  well  as  a baseline  data  package  for  carbon- 
carbon  heatshield  design  efforts. 
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Figure  5.  Schematic  of  High  Temperature  Hoop  Facility 


Figure  8.  Curved  Specimen  Compressive  Test  Fixture 
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Figure  10.  Drawing  of  Specimen  for  Thermal  Conductivity 
Measurements  in  Comparative  Rod  Apparatus 
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Figure  11.  Radial  Inflow  Strip  Specimen 
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Figure  17.  Radiometric  Density  Map  of  CC-8  (129-1) 


Figure  18.  Radial  Velocity  Map  of  CC-3  (129-1) 
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Figure  21.  Typical  Structure  of  CC4 


Figure  29.  Debond  Areas  in  CC-6  (132-1)  (2X) 


95 


I 


Figure 


(134-2) 


WFW 


110 


fiiiiii  liirvi  iiiiiiii  lMrii7iiJiilift<rii<''fiiiiii,i  hi i iiiVilifln' 


1.655 


0 270  HO  to  0 


ANGULAR  LOCATION  IN  DEGREES 

Figure  65.  Eddy  Current  Traces  for  Virgin  3DCC  Cone 
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Figure  69.  Structure  of  Ends  of  K357 
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Figure  71.  Cylinder  131-1  (CC-5)  Hoop  Tensile  Stress-Strain  Curves  at  70"F 
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Figure  72.  Cylinder  132-1  (CC-6)  Hoop  Tensile  Stress-Strain  Curves 
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Figure  91.  Composites  of  Curved  Coupon  Compressive  Stress-Strain  Curves 
for  CC-5  and  CC-4 
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Figure  94.  Composite  Axial  Compressive  Stress-Strain  Curvet  of  3DCC 
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Figure  95.  Composite  Axial  Compressive  Stress-Strain  Curves  of  3I5CC  at  4000#F 
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Figure  103.  Radial  Thermal  Expansion  Data  of  Cylindrical  AVCO  3DCC 


as  «— 1 I Wlilii  HR  ~i  |f~  viSiilSE^-^^  ...» 


.iq/'UT  n^g  Xtf  ^jAT^onpuoo  ■jwujaqj, 


Lrt 

1 

■;  -.1 

■a 

..  J 

■iiJ 

- :4 

J 
. j 

10s  psi 


Modulus  in  10*  psi 


il-lfcaU.-^  L,-.a^A . a^bi,  ^^jjaiifcl^aliflijj  iiL.vJi.U-i  ■&■.. 


Ultimate  Strength  in  psi 


50,000 


45,000 


~ . RSKSSSSeSSSpi . 

sissis:K»ssssss:ss8ssssszsssS9lll 

BWWiiiSB  WKSSWiKKiK  sS 


40,000 


35,000 


30,000 


25,000 


iaasaae 

nisaaaaaa 
[fBBaaaaae 
rMtiaaaaaa 
lliMBafBN 

iiSSiSsSSs 


[■■■MM 


■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■Ma 
■■■■■■■■■ MeilaaeBBilSaBBigaea 
■■■■■■■■■■■■■■■■■■■■— — — 

>«■ ■■ 


9SSSSS 

liiminiMR 

— Mgaiwww 

^^^■BBBBBBBBBiiBBimBBBBBBBBBiBMHMaaaaaMaMi 

. ■aat  - • aaaaisaaaaaaananBsaaaa 

BHaaaaaaaaaaa  'iaaaaaaaaBBBSaai«aH . 

■■■■■■■■■■■■■■■■■■■BBiaaaaneeiaaaSillS 

aaaaaa^vaBaiaaaaaaaaaasaanaaiJSaaaH 
laaaaaaaaaaaaaKaaaaaaaaMaaai  aalaBaBai 
r,*aaaaaaaaaaaaaai  **»■«:  iaaaaaiSaa 

ir-aiBaaaiaiaaaiiaaaaaaaaaaaaagiaaaaiaaaga 
» aaiaSiaaaaaaaaaaattiaaaaaaaai  «•%■>*»«  *a  I 
■ f aaSaaaaagaaaaaaaaiiaaaaBiaaaiiSaiaiaaaa^^^^B 

■■■■■■■■aiiaaBfiiaiaaaaAaiaaiiaammiHagaMal 


i riaaaaaaaaaaaaaaai 
i.aaaaaaaaaaaaaaaai 

MaSSSSSSSaSSSSSSSj 

laaaaaaaBI 

BiiaaaaaM 

■aaiai 
f *aiaa 


■a* 


5! 


SSSSSS8SB88SSBS& 


■■■aaaaaMBa 
aaaaaaaaaaae 


555555555555555555! 


■eeeaaaaaaeeSSSSSSSSaesaHaaeaaa 

ss:s:::::388ss8s:s::s88s:s»ssss: 

■■■■■■aeBBaaBaaBBBaaaBBaBaaaaaBBi 

■MmmMMMMMMinm 

aaa 


58888  SaSmaairiz^aaaaaBaaaaaHHBHHI 

■ r,?. : ,;a<  ■ . " laBaa  ;-"Baaaaa  is  ■ . - ■ si 

•r„  . lanaa  ib  iaaaaaaaak>r«aaaaaaaaaaiaai 

■■■■■■■■■■■a 


HBaaaBBHaBBaaa 

■S888S888SSSS 

EUssssssssskI 

ssBsasssssssssssBssssssBiar-llifHBsis 


88885 

Sis! 

|5S 


■ini 


ssss 


laaaaaaaai 


20,000 


15,000 


10,000 


5,000 


kBaaaa«g;iaaag»BS<»saaaBiBBaaaaaN»(iaaaBaaaaa 
I is  n ai  ;Bau  a< 

faaaaaaBaaaaaBaaaaaaaaaBiBiBaaaBBaaaaiBaBai 

K^^^^Hfi^^^MaaaaaaaaBBaaaaaaaaaa< 

laBBaaaaafiBaBaaaaaaaiiBaaiai 


■issa 

pi 

■aaaaaafina 

IllisSSsagli^ 

MMHMMMMMaHHHMHBMaaaaaaaaaaM 

:::::: 

hiihu 

pill 

555555555111 

issssssiBi 


SliiiivgiviNHHgmi 


aaa* 


m 


Temperature  in  °F 

Figure  115.  Tensile  Strength  Data  for  3DCC  Cylinders 
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Figure  116.  Tensile  Strain  Data  for  3DCC  Cylinders 
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Figure  119.  Circumferential  Stress-Strain  Curves  for  K357-2-T-3-C 
(Top  Rinv  from  Cone) 
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Figure  123.  Composite  Axial  Tensile  Stress-Strain  Plot  of  3DCC  at  3000°F 
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Figure  126.  Fracture  Locations  for  Axial  Tensile  Specimens 
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Figure  132.  Composite  Axial  Compressive  Stress-Strain  Plot  for  3DCC 
at  4000*F 
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Figure  148.  Comparison 
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Figure  149.  Variation  of  Moduli  and  Strengths  with  Ar/Xfc  - General  Trend 


'’’Stress  rate  data  on  two  of  five  specimens 
Note:  NDC  and  monitors  of  cylinder  and  blanks 
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TABLE  7 

RADIAL  PUSHOUT  FOR  VARIOUS  3DCC  MATERIALS 


0.447  Inch  TK  AMP 
Virgin  (Comp  Shank) 

0.447  Inch  TX  AHP 
Straaaad  (Coop  Gag*) 

7/16  Inch  TR  CC-8 
of  CCDP  - Virgin 

3/16  Inch  TR  CC-8 
of  CCDP  - Virgin 

Puahout  Load  in  Iba 

Puahout  Load  in  Iba 

Puahout  Load  in  Iba 

Puahout  Load  in  Iba 

Inaid*  to 
Outaid* 

Outaid* 
to  Inaid* 

Inaid*  to 
Outaid* 

Outaid* 
to  Inaid* 

Inaid*  to 
Outaid* 

Outaid* 
to  Inaid* 

Inaida  to 
Outaid* 

Outaid* 
to  Inaid* 

25.5 
28.0 
28.  S 

27. 5 
2S.0 

26.5  Avg 

24.5 
50.0 
32.0  . 
22.0 

28.5 

27.0  Avg 

23.0 
23.25 

25.0 

21.0 
25.5 

23.53  Avg 

20.25 

20.0 

18.5 

24.0 

20.69  Avg 

32.0 

40.0 

44.0 

40.0 

35.0 

28.0 

42.0 

44.0 

32.0 

38.0 

77.5  Avg 

40.0 

36.0 

34.0 

33.0 

30.0 

34.0 

30.0 

36.0 

34.13  Avg 

31.0 

22.0 

33.0 
U.O 

42.0 

34.0 

31.0 

43.0 

37.0 

34.0 

37.0 

35.0  Avg 

1 

59.28* 

60.4* 

52.68* 

46.29* 

85.71*  | 78.01* 

186.67* 

161.6* 

1/2  Inch  TK  CC-3 
of  ccdp  - Virgin 

1/2  Inch  TK  CC-7 
of  CCDP  - Virgin 

1/4  Inch  TX  of  Tag 
End  of  CVD  Ring 
Of  CC-8  - Virgin 

1/4  Inch  TR  of  Middl* 
of  CVD  Ring  of 
CC-8  - Virgin 
D*naity>  1.66  gm/cm* 

Puahout  Load  in  iba 

Puahout  Load  in  Iba 

Puahout  Load  in  lb* 

Puahout  Load  in  Iba 

Inaid*  to 
Outaid* 

Outaid* 
to  Inaid* 

Inaid*  to 
Outaid* 

Outaid* 
to  Inaid* 

Inaid*  to 
Outaid* 

Outaid* 
to  Inaid* 

>60 

>60 

25.0 

28.0 

27.0 

28.0 
21.0 
36.0 

27.5  Avg 

27.0 

42.0 

37.0 

32.0 

36.0 

32.0 

34.3  Avg 

30.0 

55.0 

58.0 

35.0 

32.0 

18.0 

34.0 

32.0 

36.75  Avg 

>120* 

>120* 

55* 

68,6* 

147* 

*Pound/Thickn*aa 


I 

i 

< 


i 

212 


^ 2L-,  jteaSE - - ^-iu3jL  i„~i 


RING  CIRCUMFERENTIAL  TENSILE  DATA  FOR  3DCC  CYLINDERS 


unm 


Initial  K Strain 


Two  specimen  configurations  were  used,  one  for  all  specimens  of  each  cylinder 
Strain  data  are  not  valid  for  Specimen  Number  R327-1-CA-11 
Bending  evident  near  end  of  run 


TABLE  20 


1 

1 


J 

'H 

•i 

”3 

4 


M 


AXIAL  TENSILE  DATA  FOR  3DCC  CONE  K357-27 


Cons 

ID 

Number 

Stress 

Rate 

psi /min 

Temp 

•P 

Specimen 

Number 

Sulk 

Density 

gm/cm1 

r-  ■ — 

Axial 

Velocity 

in./wtec 

Radial 
Velocity 
in. /usee 

Ultimate. 

Strength* 

psi 

Initial 
Elastic 
Modulus 
10*  psi 

Total 
Unit 
Axial 
Strain 
in. /in. 

R3S7-2 

10,000 

70 

K357-2-T“l*Ai'* 

1.(11 

0.314 

mm 

21,411 

6.45 

0.00504 

K3S7-2-T-5-A:  , 

1.699 

0.303 

12,811 

5.20 

0.0024 

X3S7-2-T-4-A*!3 

1.692 

0.  301 

« 

• 

K357-2-T-10-A, 

1.625 

0.310 

21,858 

7.(4* 

0.0030 

X357-2-T- 1 1-AJ 

1.702 

0.311 

mssm 

11,(10 

5.41 

0.0026 

Average 

1.666 

0.309 

0.223 

16,923 

(.18 

0.0033  . 

(0.0029)* 

2000 

K357-2-T-2-Aj 

1.599 

wgm 

23.559 

mm 

0.0037 

K357-2-T-6-A  , 

1.719 

HWrtSyi 

13,679 

0.0017 

K3S7-2-T-12-AJ 

1.701 

■H 

11,123 

■Hi 

0.0018 

Average 

1.673 

0.309 

0s  224 



16,120 

7.72 

0.0024 

3000 

X3S7-2-T-3-Ai 

mm 

wgm 

wgm 

23,295 

12.91 

0.0018 

K357-2-T-7-A  - 

■aol 

14,225 

12.50 

0.0012 

X357-2-T-13-A4 

■SHI 

wEsm 

EssM 

13,962 

9.20 

0.0021 

Average 

1.680 

0.307 

0.226 

17,160 

11.45 

0.0017 

3500 

K357-2-T-4-aI 

wgm 

mm 

27,590 

6.64 

0.0056 

K357-2-T-8-A  , - 

■snfl 

18,314 

8.01 

0.0021 

K357-2-T-14-A,,B 

- 

- 

K357-2-T“15-AJ 

mm 

0.301 

WKsm 

13.509 

6.82 

0.0021 

Average 



1.685 

0.304 

0.225 

19,804 

6.05 

0.0052 

Notea i 

1.  Specimen  ia  obtained  from  the  top  aection  of  the  cone.  Specimen  hea  five  axial  fibera  in 
gage  section 

2.  Specimen  ia  obtained  from  the  middle  aection  of  the  cone.  Specimen  has  three  axial  fibers 
in  gage  aection 

3.  Specimen  ia  obtained  from  the  bottom  aection  of  the  cone.  Specimen  has  three  axial  fibers 
in  gage  section 

4.  Specimen  No.  K357-2-T-1-A  was  tested  twice.  Pullrod  broke  during  first  run.  Ultimate  was 
reached  on  second  run.  Reported  modulus  is  from  first  run.  Extrapolated  strain  from  first 
run  is  0.0035 

5.  Specimen  No.  K357-2-T>9-A  broke  while  handling 

6.  Specimen  No.  K357-2-T-14-A  broke  while  handling 
All  strain  measurements  were  made  using  clip-ons 

8.  In  order  to  ohtain  true  data  for  this  test,  it  was  important  to  maintain  the  number  of  axial 
fibers  along  the  gage  length.  The  edges  of  each  specimen  at  the  gage  aection  were  machined 
parallel  to  the  outer  axial  fibers,  so  that  the  number  of  cells  will  be  maintain-  J the  same. 
Because  these  specimens  are  obtained  from  a cone,  then  the  cross  sectional  area  of  the  gage 
section  will  vary  along  the  length  of  the  cone.  The  area  at  failure  location  for  each  specimen 
was  measured,  and  used  for  calculating  the  ultimate  strength.  See  individual  data  curves  for 
dimensions  at  failure  area 

9.  Specimen  showed  evidence  of  bending  - difficult  to  calculate 
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ULTIMATE  STRENGTH , ELASTIC  MODULUS  AND  POISSON'S 
RATIO  TO  5500eF  IN  TENSION 


A typical  tensile  facility  is  shown  in  the  photograph  in  Figure  1 
and  in  the  schematic  in  Figure  2.  The  primary  components  are  the  gas- 
bearings,  the  load  frame,  the  mechanical  drive  system,  the  5500°F 
furnace,  the  optical  strain  analyzers  and  associated  instrumentation 
for  measurement  of  load  and  strain.  The  load  capacity  is  15 ,000  pounds . 

The  load  frame  and  mechanical  drive  system  are  similar  to  those 
of  many  good  facilities.  The  upper  crosshead  is  positioned  by  a small 
electric  motor  connected  to  a precision  screw  jack.  This  crosshead  is 
stationary  during  loading  and  is  moved  only  when  assembling  the  load 
train.  The  lower  crosshead  is  used  to  apply  the  load  to  the  specimen 
through  a precision  screw  jack  chain  driven  by  a variable  speed  motor 
and  gear  reducer. 

Nonuniaxial  loading,  and  therefore  bending  stresses,  may  be 
introduced  in  tensile  specimens  not  only  from  (1)  misalignment  of  the 
load  train  at  the  attachment  to  the  crossheads,  but  also  from  (2) 
eccentricity  and  non  straightness  within  the  load  train,  (3)  unbalance 
of  the  load  train  and  (4)  external  forces  applied  to  the  load  train  by 
such  items  as  electrical  leads  and  clip-on  extensometers . Although  the 
bending  moments  from  some  of  these  sources  may  seem  relatively  slight, 
the  resulting  stress  distortions  are  quite  significant  in  the  evaluation 
of  the  extremely  sensitive  brittle  materials.  Now  consider  each 
individually. 

To  confirm  that  the  gas-bearings  had  eliminated  nonuniaxial  loading 
at  the  point  of  attachment  of  the  load  train  to  the  crossheads,  the 
frictional  moment  was  determined  at  a load  of  5000  pounds  by  measuring 
the  torque  required  to  produce  initial  motion  within  the  system  with  the 
bearings  in  operation.  This  torque  was  found  to  be  a maximum  of  6.6  x 1(TJ 
inch-pounds.  The  calculated  value  of  the  coefficient  of  kinetic  friction 
was  4.5  x 10“7.  The  stress  that  could  be  induced  in  the  specimen  due  to 
this  bending  moment  was  0.16  psi,  or  less  than  0.002  percent  of  the 
tensile  stress  produced  within  a typical  graphite  specimen.  These  low 
values  clearly  indicate  the  elimination  of  problems  of  bending  stress  in 
the  specimen  imposed  by  misalignment  at  the  crosshead  attachments,  either 
initially  or  during  loading. 

Emphases  in  the  design  of  the  load  train  were  placed  on  (1)  large 
length- to- diameter  ratios  at  each  connection,  (2)  close  sliding  fits 
(less  than  0.0005")  of  all  mating  connections,  (3)  the  elimination  of 
threaded  connections,  (4)  the  use  of  pin  connections  wherever  possible 
and  (5)  increasing  the  size  of  components  to  permit  precise  machining 
of  all  mating  surfaces.  All  members  were  machined  true  and  concentric 
to  within  0.0005",  and  the  entire  load  train  is  checked  regularly  to 
ensure  overall  alignment  following  assembly  of  the  individual  members. 
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This  process  ensures  concentricity  and  straightness  in  the  system.  The 
specimen  is  mounted  in  the  pull  rods  and  the  assembly  checked  for  non- 
straightness ("bow")  and  eccentricity  ("kink")  before  each  test.  When 
the  bow  is  limited  to  10  mil  TIR  and  the  offset  to  1-1/2  mils#  the 
average  parasitic  strain  is  about  75  microinches  and  the  maximum  among 
several  tests  is  200  microinches  on  a 0.250  inchdfe  diameter  specimen. 
Parasitics  are  checked  weekly  on  many  programs  using  specimens  with  12 
strain  gages.  Closer  parasitics  can  be  held  by  using  smaller  allowable 
bows  and  offsets.  Unfortunately,  the  random  error  in  the  strain  gages 
themselves  is  as  high  as  3 percent  of  the  signal  and  which  is  about 
21  microinches  at  a 7000  microinches  signal.  This  is  about  the  same 
order  as  the  real  parasitic. 

The  problems  of  unbalance  within  the  load  train  and  of  external 
forces  applied  to  the  load  train  have  been  explored  and  corrected.  The 
entire  load  train  is  statically  balanced  to  less  than  0.01  inch-pound 
for  normal  operation. 

Standard  and  miniature  configurations  of  the  tensile  specimen  are 
shown  in  Figure  3.  The  standard  specimen  provides  a relatively  large 
L/D  ratio  in  the  gripping  area  to  ensure  good  alignment.  All  surfaces 
in  the  gripping  area  are  cylindrical  in  order  to  make  precision  machin- 
ing easier  and  repeatable  from  specimen  to  specimen.  The  standard 
specimen  also  has  double  breakdown  radii  from  the  gripping  area  to  the 
gage  section.  This  double  breakdown  allows  a uniform  transition  of  the 
stress  pattern  and  reduces  the  frequency  of  radius  (out  of  gage)  fractures. 
This  specimen  provides  a uniform  gage  section  which  gives  a definable 
volume  of  material  under  stress  and  permits  accurate  measurements  of 
strain.  The  flags  for  the  measurement  of  axial  strain  are  positioned  one 
inch  apart  so  that  unit  strain  is  recorded  directly.  The  flag  attachment 
for  measurement  of  lateral  strain  is  positioned  between  the  flags  for 
axial  strain;  see  Figure  4. 

A schematic  of  the  precision  tensile  grip  is  shown  in  Figure  5.  The 
design  is  much  like  the  jaws  of  a lathe  head  or  the  chuck  of  a drill  motor 
made  with  precision.  Observe  from  the  figure  the  long  surface  contact  of 
the  mating  parts  and  the  close  fits  to  establish  precise  alignment  with 
the  specimen.  As  the  load  is  applied,  the  wedges  maintain  alignment  to 
fracture. 

Figure  6 is  a sketch  of  the  5500 °F  furnace  used  for  tension  showing 
the  basic  components.  The  furnace  consists  of  a resistively  heated 
graphite  element  insulated  from  a water-cooled  shell  by  thermatomic  carbon. 
The  furnace  and  specimen  are  purged  with  helium  to  provide  an  inert  atmo- 
sphere. Ports  with  visual  openings  are  provided  on  opposite  sides  of  the 
furnace  as  a means  of  allowing  the  strain  analyzers  to  view  the  gage  flags 
on  the  specimen.  Specimen  temperatures  are  determined  by  optical  pyro- 
meter readings  taken  through  another  small  sight  port  containing  a sapphire 
window.  A calibration  curve  was  established  for  the  loss  through  the 
sapphire  window,  and  since  the  furnace  cavity  acts  essentially  as  a black- 
body,  true  temperature  readings  are  obtained.  Power  is  supplied  to  the 
heating  element  by  means  of  a 25  KVA  variable  transformer.  Specimen  tem- 
perature profiles  essentially  are  eliminated  by  regular  calibrations 
using  a dummy  load  train  assembly  with  internally  mounted  thermocouples  and 
optical  pyrometer  ports.  Pull  rod  balance  heaters  are  adjusted  to  maintain 
a zero-gradient. 
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Strain  measurement  consists  of  measuring  optically  the  elongation 
between  two  flags,  or  targets,  which  are  mounted  on  the  specimen  and 
separated  initially  by  a predetermined  gage  length.  The  travel  of  the 
targets  is  measured  by  sensing  the  displacement  of  the  image  of  the 
edge  of  the  targets  and  then  electromechanical ly  following  the  image 
displacement.  The  relative  travel  of  the  two  targets  provides  the 
strain.  Readout  is  continuous  and  automatic  on  a millivolt  recorder. 

A schematic  of  the  analyzer  is  shown  in  Figure  7. 

A brief  summary  of  the  mechanical  motions  of  the  components 
involved  in  monitoring  the  strain  is  helpful  in  understanding  the 
detailed  performance.  A tracking  telescope  follows  the  upper  target 
and  carries  a second  telescope  mounted  on  its  carriage.  The  second 
telescope  is  capable  of  independent  motion  to  follow  the  lower  target. 

The  relative  displacement  between  the  upper  and  lower  telescope,  as 
strain  occurs,  defines  the  strain.  The  system  usually  is  operated  so 
that  the  tracking  telescope  follows  the  upper  target  and  the  strain 
is  monitored  by  the  relative  displacement  of  the  aperture  rather  than 
the  telescope  following  the  lower  target.  With  this  procedure  the 
maximum  range  is  the  maximum  displacement  available  for  the  lower 
aperture,  of  about  1/8  inch,  and  the  sensitivity  is  limited  by  the 
optics  and  the  noise  level  of  the  detector.  Using  both  telescopes, 
the  range  is  about  3/4  inch. 

To  provide  optical  references  on  the  specimens,  targets  are 
affixed  to  the  test  specimen  as  mentioned.  When  the  specimen  is 
heated  to  temperature,  the  targets  are  self-luminous  and  are  observed 
optically.  The  optics  view  past  the  luminous  targets  into  a cooled 
cavity  in  the  opposite  furnace  wall.  The  self-luminous  targets  are 
then  visible  against  a dark  background.  To  obtain  data  below  2000°F , 
a light  beam  is  directed  from  behind  the  flags  providing  a shadow 
image  for  the  detection  system. 

The  image  of  the  target  is  focused  through  a rotating  shutter 
(chopper)  and  onto  a rectangular  aperture.  Small  slits  in  the  aperture 
pass  a portion  of  the  upper  and  lower  edges  of  the  light  beam.  A photo- 
cell receives  the  light  thus  transmitted,  and  an  electronic  circuit 
detects  whether  the  energy  passed  by  the  two  slits  is  equal.  A servo 
drives  the  apertures  to  let  a balanced  quantity  of  light  pass  through 
the  two  slits  and  thus  maintains  an  optical  null. 

To  obtain  lateral  strain,  a j:rain  analyzer  is  supported  hori- 
zontally on  the  tensile  frame  to  view  the  diametrical  or  lateral 
strain  of  the  specimen.  A flag  attachment,  with  the  general  con- 
figuration as  shown  in  Figure  8,  was  developed  to  follow  and  transmit 
lateral  motions  of  up  to  a few  mils.  The  three-piece  assembly  consists 
of  a ring  and  two  rams  bearing  on  the  specimen. 

Calibrations  of  the  analyzers  are  performed  in  various  ways  including 
absolute  correlations  to  precision  micrometers,  absolute  reading  to  a 
driven  dilatometer  assembly.  Strain  gage  extensometers,  and  direct  plots 
of  stress-strain  for  reference  materials  such  as  steel,  plexiglas, 
magnesium  and  aluminum.  Precision  is  within  +0.000020  inch. 
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Instrumentation  includes  primarily  a stress-strain  measurement  4 

system  composed  of  a strain  sent  plot  load  cell  with  0.0003  inches  ‘ 

total  deflection/1000  pounds,  constant  d.c.  voltage  power  supply, 
two  optical  strain  analyzers,  and  two  X-Y  recorders.  Specimen  4 

temperature  is  monitored  with  an  optical  pyrometer.  Stress  (load)  is  | 

measured  by  a commercial  load  cell.  The  cell  receives  a constant  d.c.  J 

voltage  input  from  the  power  supply  and  transmits  a millivolt  signal  | 

(directly  proportional  to  load)  to  an  X-Y  recorder.  Simultaneously,  4 

the  optical  strain  analyzers  measure  both  the  axial  and  lateral  strain 
and  transmit  a millivolt  signal  (proportional  to  strain)  to  the  X-Y 
recorders.  Thus,  continuous  plots  of  stress-axial  strain  and  strain-  | 

lateral  strain  are  recorded  simultaneously.  ] 
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Figure  3.  Tensile  Specimen  Configurations 
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APPENDIX  A2 

Ultimate  Strength,  Elastic  Modulus,  and  Poisson's 
Ratio  to  5500°F  in  Compression 


The  compressive  apparatus  is  shown  in  the  photograph  in  Figure 
1 and  in  the  schematic  in  Figure  2 and  consists  primarily  of  a load 
frame,  gas  bearings,  load  train,  50-ton  screw  jack,  variable  speed 
mechanical  drive  system,  strain  analyzers,  5500°F  furnace,  and 
associated  instrumentation  for  the  measurement  of  load  and  strain. 

The  load  frame  is  similar  to  most  standard  frames.  It  was 
designed  to  carry  a maximum  load  of  100,000  pounds  and  to  support 
the  furnace  optical  strain  analyzers,  and  other  related  equipment. 

Gas  bearings  are  installed  at  each  end  of  the  load  train  to 
permit  precise  alignment  of  the  loading  train  to  the  specimen.  The 
upper  bearing  is  spherical  on  a radius  of  6.5  inches.  This  radius 
is  the  distance  from  the  top  of  the  specimen  to  the  spherical  bear- 
ing surface.  The  load  train,  not  the  specimen,  shifts  to  maintain 
radial  alignment.  The  lower  bearing  is  flat  and  is  about  6 inches 
in  diameter.  The  lower  bearing  permits  transverse  alignment  of  the 
load  train.  The  gas  bearings  are  floated  for  only  a small  initial 
amount  of  load  so  that  precise  alignment  of  the  load  train  can  be 
attained. 

The  load  train  near  the  furnace  consists  of  the  specimen  loaded 
on  each  side  by  graphite  and  water-cooled  steel  push  rods.  The 
graphite  push  rods  are  counter-bored  to  permit  insertion  of  a pyro- 
lytic graphite  disc  which  serves  as  a heat  dam  and  to  align  the 
specimen  to  the  center-line  of  the  load  train.  Extreme  care  is 
exercised  in  the  preparation  of  all  parts  of  the  load  train  to 
ensure  concentricity  of  the  mating  parts  to  less  than  0.0005  inch. 

The  50-ton  jack  is  a power  screw  type.  The  mechanical  drive 
system  consists  of  a gear  reducer  driven  by  a Louis  Allis  Synchro- 
Spede  Unit  (300-3000  rpm) . The  gear  reducer  is  connected  to  the 
Synchro-Spede  Unit  through  a chain  coupling  and  to  the  50-ton 
jack  by  a single  roller  chain  and  sprocket  system.  Different  load 
rates  are  obtained  by  adjustment  of  the  variable  speed  setting  on 
the  Synchro-Spede  and  by  changeout  of  sprockets  on  the  gear  reducer 
and  screw  jack. 


Figure  3 shows  details  of  the  "dumbbell"  specimen  which  maintains 
a 0.500  inch  diameter  over  the  1.2  inch  long  gage  section.  The 
specimen  provides  sufficient  room  for  the  flag  attachments  that  follow 
the  axial  and  lateral  strains  and  also  minimizes  the  influence 
of  end  restraint. 

The  flag  attachments  for  the  measurement  of  axial  strain  are 
positioned  one  inch  apart  so-  that  unit  strain  is  recorded  directly. 

The  flag  attachment  for  the  measurement  of  lateral  strain  is  positioned 
between  the  flags  for  axial  strain;  see  Figure  4.  The  lateral  flag 
attachment  used  in  compression  is  shown  in  Figure  5.  The  4-piece 
assembly  consists  of  a ring,  two  rams  bearing  on  the  specimen,  and 
a screw  to  adjust  the  contact  pressure.  The  ring  was  designed  to 
track  lateral  motions  as  great  as  0.030  inch  without  breaking. 

Figure  6 is  a sketch  of  the  5500°F  furnace  used  for  compression 
showing  the  basic  components.  The  furnace  consists  of  a resistivity 
heated' graphite  element  insulated  from  a water-cooled  shell  by 
thermatomic  carbon.  The  furnace  and  specimen  are  purged  with  helium 
to  provide  an  inert  atmosphere.  Ports  with  visual  openings  are 
provided  on  opposite  sides  of  the  furnace  as  a means  of  allowing  the 
strain  analyzers  to  view  the  gage  flags  on  the  specimen.  Specimen 
temperatures  are  determined  by  optical  pyrometer  readings  taken  through 
another  small  sight  port  containing  a sapphire  window.  A calibra- 
tion curve  was  established  for  the  loss  through  the  sapphire  window, 
and  since  the  furnace  cavity  acts  essentially  as  a blackbody,  true 
temperature  readings  are  obtained.  Power  is  supplied  to  the  heating 
element  by  means  of  a 25  KVA  variable  transformer. 

Strain  measurement  consists  of  measuring  optically  the  elonga- 
tion between  two  flags,  or  targets,  which  are  mounted  on  the  specimen 
and  separated  initially  by  a predetermined  gage  length.  The  travel 
of  the  targets  is  measured  by  sensing  the  displacement  of  the  image 
of  the  edge  of  the  targets  and  then  electromechanically  following 
the  image  displacement.  The  relative  travel  of  the  two  targets 
provides  the  strain.  Readout  is  continuous  and  automatic  on  a 
millivolt  recorder.  A schematic  of  the  analyzer  is  shown  in  Figure  7. 

A brief  summary  of  the  mechanical  motions  of  the  components 
involved  in  monitoring  the  strain  is  helpful  in  understanding  the 
detailed  performance.  A tracking  telescope  follows  the  upper 
target  and  carries  a second  telescope  mounted  on  its  carriage. 

The  second  telescope  is  capable  of  independent  motion  to  follow 
the  lower  target.  The  relative  displacement  between  the  upper  and 
lower  telescope,  as  strain  occurs,  defines  the  strain.  The  system 
usually  is  operated -so  that  thf^tracking  telescope  follows  the 


249 





upper  target  and  the  strain  is  monitored  by  the  relative  displacement 
of  the  aperture  rather  than  the  telescope  following  the  lower  target. 
With  this  procedure  the  maximum  range  is  the  maximum  displacement 
available  for  the  lower  aperture,  or  about  1/8  inch,  and  the  sensi- 
tivity is  limited  by  the  optics  and  the  noise  level  of  the  detector. 
Using  both  telescopes,  the  range  is  about  3/4  inch. 

To  provide  optical  references  on  the  specimens,  targets  are 
affixed  to  the  test  specimen  as  mentioned.  When  the  specimen  is 
heated  to  temperature,  the  targets  are  self-luminous  and  are  observed 
optically.  The  optics  view  past  the  luminous  targets  into  a cooled 
cavity  in  the  opposite  furnace  wall.  The  self-luminous  targets 
are  then  visible  against  a dark  background.  To  obtain  data  at  be- 
low 2000°F,  a light  beam  is  directed  from  behind  the  flags  providing 
a shadow  image  for  the  detection  system. 

The  image  of  the  glowing  target  is  focused  through  a rotating 
shutter  (chopper)  and  onto  a rectangular  aperture.  Small  slits  in 
the  aperture  pass  a portion  of  the  upper  and  lower  edges  of  the  light 
beam.  A photocell  receives  the  light  thus  transmitted,  and  an  elec- 
tronic circuit  detects  whether  the  energy  passed  by  the  two  slits  is 
equal.  A servo  drives  the  apertures  to  let  a balanced  quantity  of 
light  pass  through  the  two  slits  and  thus  maintains  an  optical  null. 

To  obtain  lateral  strain,  a strain  analyzer  is  supported  hori- 
zontally on  the  load  frame  to  view  the  diametrical  or  lateral  strain 
of  the  specimen. 

Calibrations  of  the  analyzers  are  performed  in  various  ways  in- 
cluding absolute  correlations  to  precision  micrometers,  strain  gage 
extensometers , and  direct  plots  of  stress-strain  for  reference  mater- 
ials such  as  steel,  plexiglas,  magnesium,  and  aluminum.  Precision  is 
±0.000020  inch. 

Instrumentation  includes  primarily  a stress-strain  measurement 
system  composed  of  a 20,000-pound  SR-4  Baldwin  load  cell,  constant 
d.c.  voltage  power  supply,  two  optical  strain  analyzers,  and  two 
X-Y  recorders.  Specimen  temperature  is  monitored  with  an  optical 
pyrometer.  Stress (load)  is  measured  by  a commercial  load  cell. 

The  cell  receives  a constant  d.c.  voltage  input  from  the  power  supply 
and  transmits  a millivolt  signal  (directly  proportional  to  load) 
to  an  X-Y  recorder.  Simultaneously,  the  optical  strain  analyzers 
measure  both  the  axial  and  lateral  strain  and  transmit  a millivolt 
signal  (proportional  to  strain)  to  the  X-Y  recorders.  Thus, 
continuous  plots  of  stress-axial  strain  and  axial  strain-lateral 
strain  are  recorded  simultaneously. 
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Optical  Target 


Figure  5.  Lateral  Strain  Flag  Attachment  for  Compressive  Specimen 


255 


ii  ilS'iiiifli'iiliiiriiii'if  • 


sssp 


¥ 


v 

r: 


r; 


i 

< 

( 


SHEAR  MODULUS  AND  MODULUS  OF  RUPTURE 
IN  TORSION  TO  5500“  F 


A schematic  of  the  gas  bes.ring  torsion  apparatus  employed  to  determine 
the  shear  modulus  and  modulus  of  rupture  in  torsion  is  bhown  in  Figure  1. 

The  torque  is  applied  at  the  upper  end  of  the  load  train  by  a shaft  acting 
through  a loose  pin-slot  connector  at  the  geometric  center  of  the  special  gas- 
bearing, ensuring  the  applicationof  p,ure  torque  only  to  the  load  train.  The 
shaft  is  driven  by  a synchronous  constant  speed  motor  through  a double  reduc- 
tion chain  drive  to  provide  the  rotational  speed  equivalent  to  a shearing  stress 
rate  of  500  psi  per  second  on  the  specimen.  The  lower  end  of  the  load  train 
is  restrained  from  rotating  by  an  aluminum  rod  extending  through  the  lower 
pull  rod  and  contacting  a fixed  point.  This  rod  is  ^ inch  diameter  with  a section 
milled  down  to  inch  thickness  where  strain  gages  are  installed  to  measure 
the  applied  torque.  Low  friction  guides  prevent  lateral  movement  of  the  load 
train. 


The  system  employed  for  measurement  of  anuglar  rotation  of  the  specimen 
is  shown  in  Figure  2.  Two  graphite  rings  similar  to  those  used  for  the  mea- 
surement of  lateral  strain  in  tension  and  compression  are  mounted  concentric 
to  the  specimen  and  separated  by  a 1 inch  gage  length.  Graphite  yarn  is 
attached  to  the  rings  and  wound  around  the  outer  periphery  in  V- grooves.  The 
free  ends  of  the  yarn  are  then  attached  to  two  strain  measuring  devices, 
which  are  calibrated  to  give  equal  millivolt  response  for  linear  movement. 

Thus,  as  the  specimen  and  load  train  rotate,  the  rings  act  as  spools  and 
"rolled  up"  the  yarn.  Fifteen  mils  of  linear  movement  of  the  yarn  equal 
0.  02  radians  of  angular  rotation  of  the  specimen.  The  strain  gages  on  each 
measuring  device  are  connected  into  a full  bridge  circuit  which  gives  a 
miliivolt  response  on  the  X-Y  recorder  proportional  to  the  difference  of  the 
two  movements.  In  orther  words,  the  recorder  measures  the  actual  angular 
rotation  of  the  specimen  across  the  1 inch  gage  section  versus  applied  torque. 

To  ensure  that  each  run  is  calibrated  properly,  the  following  pro  cedure  is 
followed:  The  pin  is  pulled  out  of  the  lower  pull  rod  so  that  the  load  train  is 
free  to  rotate  at  zero  torque.  Then  the  graphite  yarn  is  attached  to  the  upper 
measuring  device  only. 

The  X-Y  recorder  is  set  to  record  strain  versus  time,  and  adjustments 
are  made  until  this  relationship  is  achieved.  The  upper  device  is  then 
disconnected  and  the  lower  one  is  connected  and  a strain  versus  time  plot  is 
made.  Adjustments  are  made  until  a straight  line  is  plotted,  which  indicates 
that  both  devices  are  reading  the  same  strain,  and  the  difference  in  the  readings 
is  zero. 
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After  this  is  done  on  each  run,  the  pin  is  replaced  and  the  torque  applied 
at  the  desired  rate  to  failure.  Thus,  a plot  of  torque  versus  angular  rotation 
is  made  for  each  specimen. 

The  equations  used  for  determining  the  required  mechanical  properties 

are: 


Ss 

Tc 

" “ 

1 

G 

T1 

“ je 

where 

s8 

Ultimate  Shear  Stress 

T 

Applied  torque 

c 

Distance  from  the  centerline  to  the  outer  surface 

J 

Polar  moment  of  inertia 

G 

Shear  modulus 

1 

Gage  length 

9 

Angular  rotation  of  the  gage  section 

The  Derivation  of  these  equations  assumed  a linear  relation  between  shear 
stress  and  shear  strain. 

• i 

Pure  shear  is  not  attained  in  a rod  subjected  to  torsion  in  the  same 
sense  that  pure  tension  is  attained  in  a tensile  rod  because  the  shear  stress 
varies  from  zero  at  the  center  to  a maximum  at  the  outside  edge.  A some- 
what analogous  case  is  found  in  flexure  where  a kind  of  "average"  tensile/ 
compressive  stress-strain  curve  is  obtained  from  load-deflection  measure- 
ments. 

The  torsion  apparatus  is  equipped  with  a tubular  electrical  resistance 
furance  which  has  a 5500°  F Capability. 

The  configuration  of  the  standard  torsion  specimen  is  shown  in  Figure  3. 
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Figure  1.  Diagram  of  Torsional  Load  Train 
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THERMAL  EXPANSION  TO  1800°F 


Thermal  expansion  measurements  are  made  utilizing  quartz 
tube  dilatometers  of  the  Bureau  of  Standards  design.  The  dial 
gages  (B.  C.  Ames  Co.,  Model  212,  Shockless)  are  graduated  in 
0.0001-inch  divisions  with  a total  range  of  0.500  inch.  The 
manufacturer's  stated  mechanical  accuracy  for  any  given  reading 
is  ±0.0001  inch  at  any  point  in  the  range.  This  accuracy  has 
been  checked  with  a precision  micrometer. 

Figure  1 shows  a schematic  drawing  of  a quartz  tube 
dilatometer.  The  dilatometer  head  was  designed  to  minimize 
any  extraneous  motions  that  would  induce  error  in  the  monitored 
data.  Water  cooling  was  used  to  prevent  temperature  fluctuations 
and  gradients  that  would  induce  erroneous  motion  in  the  dial  gage. 
The  parts  were  precision  machined  to  allow  for  proper  alignment 
and  minimize  spurious  motions  from  excessive  clearance.  The  core 
of  a linear  variable  differential  transformer  is  attached  to  the 
quartz  rod,  which  rests  on  top  of  the  quartz  tube.  By  feeding 
the  output  of  the  LVDT  into  an  oscillator-demodulator  and 
employing  an  X-Y  recorder,  a continuous  plot  of  expansion  versus 
temperature  may  be  obtained.  Dial  gage  readings  may  also  be  taken 
concurrently . 

For  temperatures  above  room  temperature,  each  dilatometer 
is  heated  by  an  individual  heater.  The  temperature  of  the  heater 
is  maintained  by  a manual  setting  of  a variable  voltage  transformer. 

Cold  specimen  temperatures  are  obtained  by  use  of  a Dewar 
flask  filled  with  dry  ice  and  trichloroethylene.  The  flask 
surrounds  the  dilatometer  tubes  and  the  cold  liquid  level  rises 
to  a height  above  the  specimens. 

Liquid  nitrogen  is  used  in  the  Dewar  flask  for  temperatures 
down  to  -300°F.  A cooling  coil  has  also  been  designed  to  provide 
better  control  of  temperatures  in  the  cryogenic  range. 

Thermocouples  are  placed  at  each  end  and  the  center  of  the 
specimens  to  monitor  the  temperature  throughout.  The  specimens 
are  nominally  1/2  inch  diameter  by  3 inches  in  length  with  the 
ends  rounded  on  a 3 inch  radius.  Other  diameters  and  cross- 
sectional  configurations  are  employed  where  necessary  due  to 
configuration  of  supplied  material. 

To  calibrate  the  dilatometers  we  employ  a primary  standard 
of  fused  silica  purchased  from  NBS  and  designated  as  SRM  739.  A 
secondary  standard  of  fused  silica  developed  in  house  is  also 
used.  From  our  calibrations  and  experience  we  have  found  no 
systematic  error  in  this  system.  Based  on  the  initial  calibrations 
of  this  equipment  a precision  level  has  been  determined.  At  1300°F 
the  standard  deviation  is  no  greater  than  ±0.025  x 10~3  in. /in. 
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THERMAL  EXPANSION  TO  5500  °F 


Thermal  expansion  is  measured  in  a graphite  tube  dilatometer 
developed  by  Southern  Research  institute  for  performance  to  5500 °F, 
see  Figure  1.  The  specimen  required  is  about  1/2“  diameter  and 
3"  long,  although  the  exact  size  can  vary  somewhat  if  it  appears 
desirable  from  the  standpoint  of  specimen  availability.  Specimens 
3/4"  in  diameter  and  only  1/4"  thick  can  be  evaluated,  but  with 
a reduced  precision.  Discs  can  be  stacked  to  provide  more  lenath 
in  many  cases.  Of  course,  specimens  can  always  be  pinned  together 
from  smaller  pieces  to  provide  both  length  and  columnar  strength. 

In  the  dilatometer,  the  specimen  rests  on  the  bottom  of  the 
cylinder  with  a graphite  extension  rod  resting  on  the  specimen  to 
extend  to  the  top  of  the  cylinder.  When  required,  tungsten  pads 
are  inserted  at  the  ends  of  the  specimens  to  eliminate  graphite 
diffusion  from  the  dilatometer  parts  into  the  specimen.  This 
entire  assembly  is  inserted  into  one  of  the  5000 °F  furnaces 
described  in  another  brochure. 

The  motion  of  the  specimen  is  measured  by  a dial  gage  attached 
to  the  upper  end  of  the  cylinder  with  the  stylus  bearing  on  the 
extension  rod.  The  system  accurately  indicates  total  motions  of 
0.0001"  - or  less  than  0.00004"  per  inch  of  specimen. 

Either  a helium  or  an  argon  environment  can  be  employed.  Nitro- 
gen has  been  used  on  occasion.  The  equipment  will  permit  operation 
at  hard  vacuums,  but  this  procedure  is  rarely  used. 

A CS  graphite,  which  has  a fairly  low  expansion  relative  to 
other  grades  of  graphite,  is  used  as  the  material  for  the  dilatometer. 
Prior  to  calibrations,  the  dilatometers  are  heat  soaked  to  a 
temperature  several  hundred  degrees  above  the  maximum  temperature 
to  which  they  would  be  exposed  during  normal  service.  Dimensional 
stability  is  confirmed  by  measuring  the  lengths  of  the  dilatometer 
tube  and  rod  after  each  run.  Past  experience  has  shown  that 
following  the  initial  heat  soak  the  expansion  is  reproducible  in 
subsequent  repeated  cycles  to  lower  temperatures.  Reproducibility 
is  also  confirmed  by  repeated  runs  on  standards. 

To  calibrate  the  dilatometers  we  have  developed  in-house  primary 
and  secondary  standards  of  ATJ  graphite.  ATJ  graphite  was  selected 
as  a standard  because  of  our  vast  experience  with  it,  its  stability 
after  repeated  exposure  to  high  temperatures,  and  its  relatively 
low  expansion. 
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The  true  expansion  of  the  primary  standard  was  determined  by  a 
direct  optical  technique  using  a traveling  Gaertner  telescope.  The 
total  error  in  the  telescope  readings,  baaed  on  calibration  data, 
was  estimated  to  be  0.2  x 10“ 3 in. /in.  For  the  direct  optical 
measurements,  the  3.5  inch  long  specimen  was  heated  in  a graphite 
furnace,  and  the  expansion  was  determined  by  sighting  on  "knife" 
edges  machined  on  the  ends  of  the  specimen.  Typically  a total  of 
11  runs  have  been  made  in  two  different  furnaces  both  in  vacuum 
and  helium  environments.  The  two  environments  are  used  to  check 
effects  of  refraction  as  reported  in  the  literature.  The  same 
standard  was  then  machined  to  the  configuration  of  a regular 
dilatometer  specimen  and  several  runs  were  made  in  our  precision 
quartz  dilatometers . The  optical  expansion  data  were  fitted  to 
a quadratic  equation  over  the  temperature  range  from  2500 6F  to 
5000 °F  using  the  method  of  least  squares  and  statistically  analyzed 
to  determine  the  uncertainty  (primarily  the  scatter) . Below  2500 “F, 
the  quartz  dilatometer  data  were  fitted  by  hand  since  the  uncertainty 
of  this  apparatus  has  been  well  established,  and  the  imprecision  is 
small  (<0.1  x 10“3  in. /in.).  A typical  plot  of  all  data  points 
with  the  curve  fit  is  shown  in  Figure  2. 

A check  of  the  expansion  of  the  standard  was  obtained  by 
making  runs  on  round  robin  specimens  of  various  graphites  and 
synthetic  sapphire  which  had  been  previously  evaluated  by  others, 
including  the  National  Bureau  of  Standards.  Our  data  on  these 
specimens  agreed  within  a 2.5  percent  random  difference  with  the 
data  reported  by  the  other  laboratories . 

After  establishing  the  expansion  of  the  ATJ  standard,  several 
graphite  dilatometers  were  then  calibrated  by  making  runs  on  this 
standard.  These  dilatometers  were  used  to  establish  the  expansion 
of  secondary  standards  (also  ATJ  graphite)  which  are  used  to 
calibrate  new  dilatometers  and  to  make  periodic  checks  on  dilatometers 
currently  in  service.  This  use  of  secondary  standards  thus 
minimizes  the  wear  and  tear  on  the  primary  standard  and  prolongs 
its  life. 

Table  1 lists  the  uncertainties  in  the  dilatometer  measurements 
in  10” 3 in. /in.  Observe  that  most  of  the  uncertainty  is  in  the 
expansion  of  the  standard  and  includes  both  random  and  systematic 
uncertainties.  Other  sources  of  uncertainty,  resulting  from  such 
factors  as  dial  gage  and  temperature  measurement,  are  small  amounting 
to  less  than  0,2  x 10“ 3 in. /in.  at  any  temperature.  The  precision 
in  the  dilatometer  measurements  is  quite  good  and  amounts  to  about 
0.1  x 10” 3 in. /in.  From  Table  1,  it  can  be  seen  that  the  maximum 
total  uncertainty,  which  occurs  at  a temperature  of  4500 °F,  is 
±0.4  5 x 10“ 3 in. /in.  For  a low  expansion  graphite,  such  as  ATJ, 
this  amounts  to  an  uncertainty  of  ±4.5  percent  at  4500°F  (see 
Figure  2).  For  graphites  having  higher  expansions,  the  percentage 
uncertainty  would  be  lower. 
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Table  1 


Uncertainty  in  Thermal  Expansion  Measurements 
Made  in  Graphite  Dilatometers 


Temperature 

op 

Uncertainty  in 
Expansion  of 
Standard 
in  10“'  in. /in. 
Random  Systematic 

Uncertainty  Uncertainty 
(See  Note  1)  (See  Note  2) 

Random 

_ Uncertainty 
“ in  Dilatometer 
Measurements  in 
10”1  in. /in. 

Total 

Uncertainty 
in  Dilatometer 
Measurements 

from  all  Sources 
in  10“*  in. /in. 
+ 

500 

±0.04 

0 

±0.03 

0.05 

0.05 

1000 

±0.04 

0 

±0.03 

0.05 

0.05 

1500 

±0.05 

0 

±0.04 

0.07 

0.07 

2000 

±0.17 

+0.03 

±0.05 

0.21 

0.18 

2500 

±0.11 

+0.20 

±0.07 

0.33 

0.13 

3000 

±0.12 

+0.21 

±0.08 

0.35 

0.14 

3500 

±0.19 

-0.02 

±0.10 

0.21 

0.23 

4000 

±0.14 

-0.09 

±0.12 

0.18 

0.27 

4500 

±0.14 

±0.25 

±0.14 

0.45 

0.45 

5000 

±0.19 

-0.12 

±0.16 

0.25 

0.37 

Notes:  1.  95%  confidence  limits. 

2,  Represents  deviation  between  average  measured  value  and 
least  squares  curve  through  all  data. 
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A Comparative  Rod  Apparatus  for  Measuring 
Thermal  Conductivity  to  2000° P 


A COMPARATIVE  ROD  APPARATUS  FOR  MEASURING 
THERMAL  CONDUCTIVITY  TO  2000'F 


Southern  Research  Institute's  comparative  rod  apparatus  is 
used  to  measure  thermal  conductivities  of  a wide  variety  of  materials 
from  -300°F  to  20006F.  This  apparatus,  shown  schematically  in 
Figure  1,  consists  basically  of  two  cylindrical  reference  pieces 
of  known  thermal  conductivity  stacked  in  series  with  the  cylindrical 
specimen.  Heat  is  introduced  to  one  end  of  the  rod,  composed  of 
the  references  and  specimen,  by  a small  electrical  heater.  A 
cold  sink  or  heater  is  employed  at  the  opposite  end  of  the  rod  as 
required  to  maintain  the  temperature  drop  through  the  specimen  at 
the  preferred  level,  cylinders  of  zirconia  may  be  inserted  in  the 
rod  assembly  to  assist  in  controlling  the  temperature  drop. 

Radial  losses  are  minimized  by  means  of  radial  guard  heaters  surround- 
ing the  rod  and  consisting  of  three  separate  coils  of  16,  18  or 
20-gage  Kanthal  wire  wound  on  a 2 or  4-  inch  diameter  alumina  core. 

The  annulus  between  the  rod  and  the  guard  heaters  is  filled  with 
diatomaceous  earth,  thermatomic  carbon,  bubbled  alumina  or  zirconia 
powder.  Surrounding  the  guard  is  an  annulus  of  diatomaceous  earth 
enclosed  in  an  aluminum  or  transite  shell. 

The  specimens  and  references  (see  Figure  2)  are  normally  1- 
ir.ch  diameter  by  1-inch  long.  Thermocouples  located  3/4  inch  apart 
in  radially  drilled  holes  measure  the  axial  temperature  gradients. 
Thermocouples  located  at  matching  points  in  each  guard  heater  are 
used  to  monitor  guard  temperatures,  which  are  adjusted  to  match 
those  at  corresponding  locations  in  the  test  section. 

In  operation,  the  apparatus  is  tuyrifed  on  and  allowed  zo  reach 
steady  state.  The  guard  and  rod  heaters  are  adjusted  to  minimize 
radial  temperature  gradients  between  the  rod  and  guard  sections 
consistent  with  maintaining  equal  heat  flows  in  the  references. 
Temperatures  are  measured  on  a Leeds  and  Northrup  Type  K-3  potentiometer, 
and  the  temperature  gradients  calculated.  A typical  temperature 
profile  in  the  test  section  is  shown  in  Figure  3. 

The  thermal  conductivity  of  the  specimen  is  calculated  from  the 
relation 

m K , AT  + Kz AT  AXS 


2 ATS  AXr 
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where  Kj  and  K:  are  the  thermal  conductivities  of  the  upper  and  lower 
references;  AT,,  AT2  and  ATS  are  the  temperature  differences  in  the 
upper  and  lower  references  and  specimen , respectively;  AXS  and 
AXr  are  the  distances  between  thermocouples  in  the  specimen  and 
references . 

Note  that  for  purely  axial  heat  flow,  the  products  K^T,  and 
K2AT2  should  be  equal.  Due  to  imperfectly  matched  guarding  and 
other  factors,  this  condition  is  seldom  attained  in  practice; 
therefore,  the  average  of  the  two  values  is  used  in  the  calculations. 
Their  difference  is  maintained  as  small  as  possible,  usually  within 
5%  of  the  smaller. 

For  identical  specimens,  the  ratio  AXs/AXr  should  be  unity 
but  may  vary  due  to  the  uncertainty  in  hole  locations.  To  prevent 
introducing  an  additional  error  in  calculations,  AX  is  determined 
as  follows:  the  depth  of  the  hole  is  measured  by  inserting  a 

snugly  fitting  drill  rod  in  the  hole,  measuring  the  projecting  length 
and  subtracting  it  from  the  total  length  of  the  rod.  The  slope, 
or  angle  the  hole  makes  with  the  perpendicular  to  the  specimen  axis, 
is  determined  by  making  measurements  to  the  face  of  the  hole  and 
the  outer  end  of  the  drill  rod  with  respect  to  a datum  plane,  using 
a dial  gage.  From  these  measurements,  the  location  of  the  bottom 
of  the  hole  can  be  calculated. 

Generally,  measurements  with  the  comparative  rod  apparatus  are 
performed  in  an  inert  helium  environment.  The  apparatus  can  also 
be  operated  in  vacuum  and  at  gas  pressures  of  up  to  100  psig. 

We  have  had  experience  operating  under  all  conditions. 

The  primary  reference  materials  which  we  use  are  Code  9606 
Pyroceram  and  Armco  iron  for  measurements  on  materials  with  low  and 
high  thermal  conductivities,  respectively.  Primary  standard 
reference  sets  are  kept  and  are  used  to  calibrate  other  references 
made  from  the  same  materials.  The  standards  of  Code  9606  Pyroceram 
were  made  from  a batch  of  material  which  NBS  purchased  shortly  after 
their  measurements  on  a sample  of  Code  9606  Pyroceram.  The  curve 
which  Flynn  presented  for  the  thermal  conductivity  of  the  Pyroceram 
is  given  in  Figure  4.1  Note  that  the  curve  is  in  good  agreement 


3 

1 

i 

■I 


1 Robinson,  H.E.  and  Flynn,  D.  R.,  Proceedings  of  Third  Con 
ference  on  Thermal  Conductivity,  pages  308-321,  1963  (with 
author's  permission) 
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with  the  recommended  values  from  NSRPS-NBS  8*.  The  standards  of 
Armco  iron  were  made  from  the  stock  which  was  used  in  the  ;.ound- 
robin  investigations  from  which  Powell1  developed  the  most  probable 
values  for  Armco  iron.  The  curve  used  for  the  Armco  iron  standards 
is  shown  in  Figure  5.  Powell  estimated  the  uncertainty  to  be  within 
:2  percent  over  the  temperature  range  from  0a  to  1000°C.  Note  in 
Figure  5 that  numerous  evaluations  of  Armco  iron  from  other  batches 
of  material  have  agreed  within  ±3  percent  (coefficient  of  variation 
about  curve)  with  Powell's  original  data. 

In  addition  to  Code  9606  Pyroceram  and  Armco  iron  several  other 
materials  have  been  used  as  references.  These  include  copper  for 
high  conductivity  specimens,  316  stainless  steel  for  specimens  of 
intermediate  thermal  conductivity  and  Teflon  or  Pyrex  for  low 
conductivity  materials. 

Copper  references  have  been  calibrated  against  Armco  iron  and 
excellent  agreement  with  literature  data  has  been  obtained . Thermal 
conductivity  values  obtained  from  calibrations  of  316  stainless 
steel  against  Pyroceram,  Armco  iron  and  a set  of  316  stainless 
steel  standards  are  presented  in  Figure  6.  Note  the  consistency 
of  the  data  obtained  with  the  three  different  sets  of  references. 

The  coefficient  of  variation  of  the  data  shown  in  Figure  6, 
about  the  curve  value,  was  ±3.3%.  These  data  indicate  the  internal 
consistency  of  the  stainless  steel  and  the  reference  materials. 

Note  that  the  thermal  conductivity  values  for  316  stainless  steel 
presented  in  Figure  6 lie  between  values  reported  by  several 
steel  manufacturers  and  Lucks  and  Deem.'' 

The  calibrations  indicate  that  for  materials  with  moderate  to 
high  thermal  conductivities  the  apparatus  operates  with  a precision 
of  about  ±3  percent  and  a total  uncertainty  of  about  ±5  percent 
at  temperatures  above  0°F  if  temperatures  between  the  guard  and 
test  section  are  closely  matched.  Below  0°F,  the  precision  achieved 
to  date  has  been  about  ±7  percent  with  a total  uncertainty  of  about 
ilO  percent.  We  anticipate  that  the  precision  and  uncertainty 
at  cryogenic  temperatures  can  be  improved  by  additional  calibrations. 


2 Powell,  R.  W. , C.  Y.  Ho  and  P.  E.  Liley,  Thermal  Conductivity 
of  Selected  Materials,  NSRDS-NBS  8 , Department  of  Commerce, 
November  23,  T5TS 

’ Powell,  R.  W. , Proceedings  of  Third  Conference  on  Thermal  Con- 
ductivity, pages  322-341,  1963 

WADC  TR58-476,  "The  Thermophysical  Properties  of  Solid  Materials," 
Armour  Research  Foundation,  November,  1960. 
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Some  additional  data  obtained  on  the  comparative  rod  apparatus 
are  shown  in  Figure  7 and  8.  Figure  7 Shows  thermal  conductivity 
data  for  ATJ  graphite,  with  grain,  using  Armco  iron  as  the  reference 
material.  These  data  show  excellent  agreement  with  earlier  data 
obtained  here  and  by  other  sources5  7.  The  maximum  scatter  of  the 
comparative  rod  points  was  about  5 percent. 

Figure  8 shows  data  for  thermocouple  grade  constantan  obtained 
on  the  comparative  rod  apparatus  using  Armco  iron  references,  and  on 
Southern  Research  Institute's  high  temperature  radial  inflow  apparatus 
Note  the  excellent  agreement.  These  data  also  show  close  agreement 
with  data  obtained  by  Silverman4  on  an  alloy  of  very  similar  com- 
position . 


5 ASO-TDR-62-765 , "The  Thermal  Properties  of  Twenty-Six  Solid 
Materials  to  5000°F  or  Their  Destruction  Temperatures,"  Southern 
Research  Institute,  August,  1962 

6 Pears,  C.  D. , Proceedings  of  Third  Conference  on  Thermal 
Conductivity,  453-479  {1963) 


? 


NSRDS-NBS  16,  "Thermal  Conductivity  of  Selected  Materials", 
Part  2,  by  C.  Y.  Ho,  R.  W.  Powell  and  P.  E.  Liley,  National 
Bureau  of  Standards,  1968. 


— 1 . 000 


1 0.067  nia 

(3  Places) 
(No.  51  Drill) 


Noli*:  All  dimensions  +0.005  except  where  noted 

Figure  2,  Drawing  of  Specimen  for  Thermal  Conductivity  Measurements 
in  Comparative  Rod  Apparatus  to  1800°F 
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Thermal  Conductivity  to  550Q#F 
by  Radial  Inflow  Method 
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THERMAL  CONDUCTIVITY  TO  5500 °F 
BY  RADIAL  INFLOW  METHOD 


The  thermal  conductivity  is  determined  with  a radial  heat 
inflow  apparatus  that  utilizes  a central  specimen  1"  long.  This 
apparatus  is  normally  employed  for  measurements  over  the  tempar- 
ature  range  from  1500°F  to  5500°F.  Comparative  rod  apparatus  is 
used  at  temperatures  below  1500°F  where  radiant  heating  is  less 
effective.  The  radial  inflow  apparatus  gives  a direct  measurement 
of  the  thermal  conductivity  rather  than  a measurement  relative  to 
some  standard  reference  material.  A picture  of  the  apparatus  ready 
to  be  installed  in  the  furnace  is  shown  in  Figure  1.  The  furnace 
and  associated  equipment?  for  the  thermal  conductivity  work  is  3hown 
in  Figure  2.  In  addition  to  the  specimen,  the  apparatus  consists 
primarily  of  (1)  a water  calorimeter  that  passes  axially  through 
the  center  of  the  specimen,  (2)  guards  made  from  the  same  specimen 
material  at  both  ends  of  the  specimens  to  reduce  axial  heat  losses, 
(3)  sight  tubes  that  allow  the  temperature  at  selected  points  in 
the  specimen  to  be  determined  either  by  thermocouples  or  optical 
pyrometer  and  (4)  an  external  radiant  heat  source  (see  Figure  3) . 

The  water  calorimeter  provides  a heat  sink  at  the  center  of  the  spec 
imen  to  create  a substantial  heat  flow  through  the  specimen  and 
allows  the  absolute  value  of  the  heat  flow  to  be  determined.  Thermo 
couples  mounted  1/2"  apart  in  the  calorimeter  water  stream  measure 
the  temperature  rise  of  the  water  as  it  passes  through  the  gage 
portion  of  the  specimen.  By  metering  the  water  flow  through  the 
calorimeter,  it  is  possible  to  calculate  the  total  radial  heat  flow 
through  the  1/2"  gage  section  of  the  specimen  from  the  standard 
relationship  Q “ MCAT.  M is  the  weight  of  water  flowing  per  hour, 

C is  the  specific  heat  of  water  and  AT  is  the  temperature  rise  of 
the  water  as  it  passes  through  the  gage  section. 

The  standard  specimen  configuration  is  shown  in  Figure  4.  The 
specimen  is  1.062"  O.D.  x 0.250"  I.D.  x 1"  long.  Holes  0.073"  in 
diameter  are  drilled  on  radii  of  0.233  and  0.427"  to  permit  mea- 
surement of  the  radial  temperature  gradient.  In  specimens  which  are 
anisotropic  in  the  diametral  plane  (for  example,  certain  graphites) 
a second  pair  of  holes  is  drilled  90°  to  the  first  pair.  The 
diameters  joining  each  pair  of  holes  is  located  to  coincide  with 
the  principal  planes  of  anisotropy  in  the  material. 

A 1/2"  long  upper  guard  and  a 1/2"  long  lower  guard  of  spec- 
imen material  are  placed  above  and  below  the  1”  long  specimen  to 
maintain  a constant  radial  temperature  gradient  throughout  the 
entire  specimen  length  and  thereby  prevent  axial  heat  flow  in  the 
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specimen.  The  outer  ends  of  the  specimen  guards  are  insulated  with 
graphite  tubes  filled  with  thermatomic  carbon.  These  tubes  also 
hold  the  specimen  in  alignment.  The  combined  effect  of  specimen 
guards  and  thermatomic  carbon  insulation  permits  a minimum  axial 
temperature  gradient  within  the  specimen.  This  gradient  is  not 
detectable  by  optical  pyrometer  readings.  Visual  inspection  of  the 
specimens  after  runs  have  verified  that  no  large  axial  temperature 
gradient  exists  in  the  specimen.  The  guards,  made  of  specimen 
material  display  axial  distortion  of  the  isothermal  lines  for 
approximately  1/4"  from  the  outer  ends  before  reaching  an  apparent 
constant  axial  temperature. 

when  sufficient  material  is  available  the  alternate  specimen 
configuration  shown  in  Figure  5 is  employed.  This  specimen,  being 
1.5"  in  diameter,  provides  a larger  gage  length  (0.357")  between 
temperature  wells  and  allows  the  installation  of  three  holes  on 
each  radius  without  excessively  distorting  the  radial  temperature 
profiles.  Thus  this  specimen  configuration  permits  a more  precise 
measurement  of  the  average  temperature  at  each  radial  location. 

As  with  the  smaller  specimen,  the  location  of  the  temperature  wells 
must  be  altered  for  transversely  anisotropic  specimens. 

The  annulus  between  the  specimen  inside  diameter  and  the 
7/32"  outside  diameter  of  the  calorimeter  tube  is  packed  with  either 
copper  granules,  graphite  or  zirconia  powder.  This  packing  provides 
a positive  method  for  centering  the  calorimeter  within  the  specimen 
and  promotes  good  heat  transfer  between  specimen  and  calorimeter. 

Temperatures  up  to  2000°F  are  measured  with  Chrome 1/A lumel 
thermocouples  inserted  into  the  specimen  through  the  sight  tubes. 

At  high  temperatures,  the  temperatures  are  measured  through  the  cer- 
tical  sight  tubes  using  a right-angle  mirror  device  and  optical 
pyrometer. 

In  Figures  1 and  3 showing  a typical  conductivity  calorimeter 
apparatus  ready  for  insertion  into  a furnace  for  a run,  a water- 
cooled  copper  section  can  be  seen  at  the  top  of  the  unit.  This 
section  provides  permanent  sight  tubes  to  within  about  2-1/2"  o* 
the  guard  specimen,  in  addition  to  a permanent  mount  for  the  rj  t- 
angle  mirror  device  used  with  the  optical  pyrometer.  Within  th 
short  zone  between  the  water-cooled  section  and  the  top  guard, 
thin-walled  graphite  sight  tubes  are  fitted.  The  remainder  of  the 
annulus  is  filled  with  thermatomic  carbon  insulation. 

During  thermal  conductivity  runs,  the  following  data  are  re- 
corded: (1)  power  input,  (2)  specimen  face  temperature,  (3)  specimen 
temperatures  in  the  gage  section  at  the  two  radii,  (4)  temperature 
of  the  calorimeter  water  at  two  points  1/2"  apart  axially  within  the 
specimen  center  and  (5)  water  flow  rate  through  the  calorimeter.  At 
least  5 readings  are  made  at  each  general  temperature  range  to  deter- 
mine the  normal  data  scatter  and  to  minimize  the  error  that  miqht 
be  encountered  in  a single  reading. 
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All  thermocouple  readings  are  measured  on  a Leeds  and  Northrup 
K-3  null  balance  potentiometer  used  in  conjunction  with  a galvanometer 
of  0.43  microvolts  per  mm  deflection  sensitivity.  All  optically 
measured  temperatures  are  read  with  a Leeds  and  Northrup  Type  8622 
optical  pyrometer.  The  flow  rate  of  the  calorimeter  water  is 
measured  with  a Fischer  and  Porter  Stabl-Vis  Flowrater. 

The  thermal  conductivity  values  are  computed  from  the  relation 


Q In  II 

K - ri 

2*L  {T--T_  ) 

*2  r 1 

where 

Q * the  heat  flow  to  and  measured  by  the  calorimeter 
r2  » the  radius  to  the  outer  temperature  well 

ri  » the  radius  to  the  inner  temperature  well 

Tra  * temperature  at  r2 

Tr.  - temperature  at  rj 

L * the  gage  length  over  which  the  calorimeter  AT  is  measured,  for 
our  present  calorimeter  is  1/2  inch 

Based  on  an  extensive  error  analysis  and  calibrations  on 
homogeneous  isotropic  materials  of  known  thermal  conductivities , 
such  as  Armco  iron  and  tungsten,  the  precision  (coefficient  of 
variation)  in  the  measurements  has  been  established  at  ±7  percent 
over  the  temperature  range.  For  multiple  runs  on  samples  having 
similar  properties,  the  uncertainty  in  a smooth  curve  through  the 
data  can  be  established  to  within  ±7  percent.  A derailed  error 
analysis  has  been  presented  in  a paper  by  Mann  and  PearB.1 

Data  obtained  here  on  several  high  temperature  materials 
are  presented  in  Figures  6,  7 & 8.  Figure  6 is  a plot  of  data 
obtained  here  on  tungsten.  The  specimen  for  these  determinations 
were  fabricated  from  stacks  of  0.060  inch  washers  cut  from  hot 
rolled  sheet  stock.  Also  plotted  are  values  reported  by  other 
investigators  including  "recommended  values"  given  by  Powell, 

Ho  and  Liley2  based  on  a compilation  of  103  sets  of  data.  Agree- 


■'a 
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‘Mann,  W.  H.  Jr.,  and  c.  D.  Pears,  "A  Radial  Heat  Flow  Method  for 
the  Measurement  of  Thermal  Conductivity  to  5200°F",  presented 
at  the  Conference  on  Thermal  Conductivity  Methods,  Battelle 
Memorial  Institute,  October  26-28,  1961. 


2Powell,  R.  W.,  c.  Y.  Ho  and  P.  E.  Liley,  "Thermal  Conductivity  of 
Selected  Materials",  NSRDS-NBS  8,  National  Standard  Reference  Data 
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ment  of  the  recommended  values  is  excellent  throughout  the  tem- 
perature range . 


Figure  7 shows  data  obtained  here  on  ATJ  graphite,  with  grain. 
This  material  is  premium  grade,  medium  grain  graphite  having  a 
density  range  of  1.73  to  1.78  gm/cfl^  • The  crosses  (+)  shown  in 
the  figure  are  "recommended  values^given  by  Ho,  Powell  and  Li  ley. 1 
Again  agreement  is  excellent. 

Figure  8 shows  data  obtained  on  AXM-5Q1.  These  data  were  ob- 
tained under  a program  sponsored  by  the  Air  Force  Materials  Labor- 
atory to  develop  high  temperature  thermal  conductivity  standards. 
Measurements  were  made  on  this  material  by  four  laboratories  in 
addition  to  Southern  Research  Institute.  The  bands  shown  in  Figure  8 
represent  the  range  of  data  reported  by  the  other  participating 
organizations.  A complete  presentation  and  discussion  of  the  data 
are  given  in  AFML-TR-69-2 . k 


3Ho,  C.  Y,,  R.  W.  Powell  and  P.  E.  Liley,  "Thermal  Conductivity 
of  Selected  Materials,  Part  2,  "NSRDS-NBS  16  National  Standard 
Reference  Data  Series  - National  Bureau  of  Standards-16 , pp.  89-128. 

''AFML-TR-69-2,  "Development  of  High  Temperature  Thermal  Con- 
ductivity Standards"  submitted  by  Arthur  D.  Little,  Inc.,  under 
Contract  AF33  (615) -2874,  1969,  pp.  115-127. 
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Figure  3.  Cross-section  Schematic  of  the  Thermal 
Conductivity  Apparatus 


Figure  4 


1.06  Diameter  Thermal  Conductivity  Specimen 
for  Radial  Inflow  Apparatus 
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Figure  5.  Dimensions  of  1.50  Inrh  Diameter  Specimen  and  Guards 

Used  for  Radial  Inflow  Thermal  Conductivity  Measurements 
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APPENDIX  A8 

Heat  Capacity  to  1000°F 
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HEAT  CAPACITY  TO  10008F 


The  heat  capacity  to  1000 °F  is  determined  from  data  obtained  in 
an  adiabatic  calorimeter.  In  this  apparatus  the  heated  specimen 
is  dropped  into  a thermally  guarded,  calibrated  cup,  and  the  enthalpy 
is  measured  as  a function  of  the  increase  in  temperature  of  the 
cup.  The  heat  capacity  is  the  slope  of  the  enthalpy  versus  tempera- 
ture curve.  A picture  of  the  apparatus  is  shown  in  Figure  1. 

A tubular  furnace  and  a cold  box  are  used  to  bring  the  specimens 
to  temperature.  By  pivoting  this  equipment  on  a common  post  near  the 
calorimeter,  the  samples  are  transferred  to  a position  directly  over 
the  calorimeter  cup.  At  this  position  the  specimen  is  released  from 
a suspension  assembly  that  is  triggered  exteri  ally.  Thermocouples 
located  near  the  specimen  are  used  to  measure  specimen  temperature. 

The  normal  specimen  size  is  about  1"  x 1"  x 1". 

Elevated  specimen  temperatures  are  maintained  by  a manual  setting 
of  a variable  voltage  transformer,  which  controls  the  power  input  to 
the  furnace.  Cold  sample  temperatures  are  obtained  by  filling  the 
cold  box  with  dry  ice  and,  when  required,  injecting  liquid  nitrogen 
vapors.  The  cold  box  consists  of  two  concentric  cylinders  enclosed 
in  a housing.  The  smaller  cylinder  (3"  diameter  by  16"  high)  is 
constructed  of  1/4"  mesh  hardware  cloth.  The  larger  cylinder  is 
made  of  galvanized  sheet  metal  (15"  diameter  and  16"  high) . The 
annulus  is  partially  filled  with  dry  ice. 

Specimens  of  the  materials  are  heated  or  cooled  to  the  desired 
temperature,  and  following  a stabilization  period,  are  dropped  into 
the  calorimeter  cup.  Adiabatic  conditions  are  maintained  during 
each  run  by  manually  adjusting  cup  guard  bath  temperature. 

The  covered  cup  of  the  drop-type  adiabatic  calorimeter  is 
approximately  2-1/2"  diameter  by  2"  deep.  Three  thermocouple 
wells  are  located  in  the  bottom  wall  of  the  cup.  The  cup  is  mounted 
on  cork  supports,  which  rest  in  a silver-plated  copper  jacket. 

The  jacket  is  immersed  in  a bath  of  ethylene  glycol  which  is  main- 
tained at  the  temperature  of  the  cup  by  means  of  a heater  and 
copper  cooling  coils  immersed  in  the  liquid.  Chilled  trichloroethylene 
is  circulated  through  the  coils  to  cool  the  bath  below  ambient 
temperature  when  cold  enthalpy  measurements  are  made.  A double- 
bladed  stirrer  maintains  uniform  bath  temperature. 
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In  the  calorimeter  six  copper-constantan  thermocouples,  differen- 
tially connected  between  calorimeter  cup  and  jacket,  indicate  tempera- 
ture difference  between  cup  and  bath.  The  six  thermocouples  enable 
a difference  of  0.03°F  to  be  detected.  This  difference  is  maintained 
to  within  0.15°F.  During  the  runs,  absolute  temperature  measurements 
of  the  cup  are  determined  by  means  of  the  three  thermocouple  junctions, 
series  connected,  in  the  bottom  of  the  calorimeter  cup.  All  of  the 
thermocouple  readings  are  taken  with  instruments  which  permit  readout 
to  within  0.1°F;  however,  the  system  uncertainty  is  about  0.56F. 

The  enthalpy  of  the  specimen  at  any  initial  temperature  is 
calculated  from  the  following  equations 


(1) 


where 

h - enthalpy  above  t2 

K ■ calorimeter  constant,  0.2654  Btu/°F 
Ws  = sample  weight  in  lbs 
t!  = initial  cup  temperature  in  °F 
t2  = final  cup  temperature  in  °F 


The  calorimeter  constant  of  0.2654  Btu/°F  was  determined  by  measuring 
the  enthalpy  of  an  electrolytic  copper  specimen  of  known  specific 
heat. 


The  enthalpy  is  referred  to  a common  base  temperature  of  85 °F 
using  the  following  linear  interpolation : 


h9  5 


(t3  - 85) 
(t,  - t2) 


(2) 


where 


h8S  = enthalpy  above  the  reference  temperature  of  85°F  in  Btu/lb 
t3  = initial  sample  temperature  in  °F 

The  base  of  85 °F  is  used  because  this  is  usually  near  the  actual  final 
cup  temperature. 
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The  enthalpy- temperature  curve  established  is  used  to 
determine  heat  capacity  (specific  heat)  by  measuring  its  slope 
at  different  temperatures.  This  is  done  both  graphically  and 
by  analytical  methods  which  first  fit  the  enthalpy  data  to  an 
equation  of  the  following  type: 

h = aT  + bT2  + cT”1  + d (3) 

» 5 

The  temperature  (T)  employed  usually  is  in  degrees  Rankine. 

While  this  equation  may  not  provide  the  best  definition  of  the 
enthalpy  data  over  the  entire  temperature  range,  it  does  anticipate 
the  theoretical  behavior  and  is  consistent  with  methods  recommended 
in  WADC  TR  57-308  and  by  K.  K.  Kelley. 1 The  derivative  of  this 
equation,  the  heat  capacity,  is  used  with  the  constant  "c"  adjusted 
so  that  the  analytical  solution  agrees  with  the  value  determined 
graphically  at  150°F.  This  technique  is  similar  to  that  of  Kelley 
in  forcing  the  heat  capacity  equation  through  a known  value.  The 
equations  are  developed  using  a digital  computer. 

The  accuracy  of  the  apparatus  has  been  confirmed  by  measuring 
the  enthalpy  of  sapphire  (SRM  734  from  NBS)  and  other  standard 
specimens.  The  results  of  the  comparison  on  sapphire  and  other 
data  indicate  that  the  overall  uncertainty  of  the  apparatus  is  at 
±3  percent. 


1.  Kelley,  K.  K. , "Contributions  to  Data  on  Theoretical  Metallurgy," 

Vol.  XIII  High  Temperature  Heat  Content,  Heat  Capacity,  and 
Enthalpy  Data  for  Elements  and  Inorganic  Compounds,  Bulletin  584, 
U.S.  Bureau  of  Mines,  Nov.  1958. 
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HEAT  CAPACITY  TO  5500 °F 


The  apparatus  used  for  heat  capacity  employs  the  drop  technique 
in  which  the  specimen  is  heated  in  a furnace  and  then  dropped  into  an 
ice  calorimeter.  The  calorimeter  contains  a cup  surrounded  by  a frozen 
ice  mantle.  Water  at  an  inlet  temperature  of  32°F  is  circulated 

through  an  annulus  surrounding  the  mantle  in  order  to  absorb  heat  leak 

from  the  surroundings.  The  entire  system  is  insulated  with  glass 
wool.  The  enthalpy  of  the  specimen  is  sensed  as  a change  in  volume 
of  the  water-ice  system  of  the  calorimeter  as  the  ice  melts.  The 
annulus  containing  the  flooded  ice  mantle  communicates  with  the 
atmosphere  through  a mercury  column  in  order  that  the  change  in 
volume  can  be  read  directly  in  a burette.  An  assembly  drawing 
of  the  calorimeter  is  shown  in  Figure  1 and  a picture  of  the  calorimeter 

is  shown  in  Figure  2.  A picture  of  the  ice  mantle  is  shown  in 

Figure  3.  The  specimen  nominally  is  3/4  inch  diameter  x 3/4  inch  long. 

The  specimen  is  placed  in  either  a graphite  or  stainless  steel 
basket  and  heated  in  the  furnace  in  a controlled  atmosphere  such  as 
helium.  The  specimen  and  basket  are  dropped  into  the  calorimeter 
and  the  volume  change  due  to  the  resultant  melting  of  ice  is 
measured.  The  flutter  valve  immediately  above  the  cup  and  the 
diaphragm  valve  immediately  below  the  furnace  are  major  features 
of  the  apparatus  since  the  first  blocks  off  radiation  losses  from 
the  specimen  up  to  the  drop  tube,  and  the  second  blocks  radiation 
gains  from  the  furnace  down  the  drop  tube  just  prior  to  dropping. 

The  volume  changes  due  to  the  baskets  are  measured  and  correction 
curves  are  established.  Separate  basket  calibration  minimizes  the 
radiation  error  accompanying  drop  techniques.  These  errors  are 
reported  to  be  only  about  0.5  percent1.  Our  theoretical  calculations 
indicate  even  smaller  errors  from  this  source. 

The  heat  necessary  to  melt  enough  ice  to  cause  a volume  change 
of  1 cc  has  been  established  by  the  U.S.  National  Bureau  of  Standards2 
at  3.487  Btu.  This  value  is  reported  as  the  theoretical  one  for 
any  ice  calorimeter.  Figure  4 shows  a typical  curve  of  mercury 


1 Furukawa,  G.T.,  Douglas,  McCoskey,  and  Ginnings,  "Thermal  Properties 
of  Aluminum  Oxide  from  0°  to  1200°K" . 

2 Ginnings,  D.C.  and  R.  J.  Corruccini,  "An  Improved  Ice  Calorimeter", 
NBS  Research  Journal , Volume  38,  1947,  p583. 
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displacement  versus  time  for  one  drop  using  a synthetic  sapphire 
specimen.  The  correction  for  the  stainless  steel  basket  is  sub- 
tracted from  the  measured  mercury  displacement  and  the  result  used 
to  calculate  specimen  enthalpy  above  32#F.  The  heat  capacity, 
which  is  by  definition  the  slope  of  the  enthalpy  versus  temperature 
curve,  is  determined  both  graphically  and  analytically.  The 
analytical  approach  is  to  fit  the  enthalpy  data  to  an  equation  of 
the  form 


h,2  = aT  + bT*  + cT"1  + d 


(1) 


using  a least  squares  technique.  The  derivative  of  this  equation, 
the  heat  capacity,  is  computed  with  the  constant  "c"  adjusted  so 
that  the  analytical  solution  agrees  with  the  graphical  solution  at 
5000°F. 3 This  technique  is  similar  to  that  of  Xelley  in  forcing  the 
heat  capacity  equation  through  a known  value1*.  The  equations 
are  developed  using  a digital  computer. 

A compilation  of  all  errors  has  indicated  that  the  apparatus  is 
accurate  to  well  within  5 percent  uncertainty  over  the  entire 
temperature  range.  Comparison  of  Southern  Research  Institute 
data  on  copper,  Linde  synthetic  sapphire,  and  ATJ  graphite  all 
have  confirmed  this  value. 


1 Pears,  C.D.,  and  J,  G,  Allen,  "The  Thermal  Properties  of  Twenty- 
six  Solid  Materials  to  5000°F  or  Their  Destruction  Temperatures", 
ASD-TDR-62-765. 

4 Kelley,  K.K.,  "Contributions  to  Data  on  Theoretical  Metallurgy", 
Volume  XIII,  High  Temperature  Heat  Content,  Heat  Capacity  and 
Enthalpy  Data  for  the  Elements  and  Inorganic  Compounds,  USBM  584, 
November,  1958. 


311 


**'ri  ■"  «*SMBHS£ aan-fc ar  T 


■ li  /I  I- 1 JilikJlvJ  ‘ JlkLm'/kfla 


ULTRASONICS 


The  classical  theory  of  the  propagation  of  waves  in  elastic 
solid  media  describes  the  longitudinal  motion  of  an  element  be- 
tween two  adjacent  cross  sections  in  a long  prismatical  bar  by 
the  equation 


3 2u  2 32u 

B vi  

at2  0 3x2 

where 

u 
x 
t 

Vo 

G 
P 

The  general  solution  to  the  equation  of  motion  can  be  written 
in  the  form 

u » f(x  + VQt)  + g(x  - VQt) 

and  is  seen  to  represent  two  waves  traveling  in  opposite  directions 
along  the  longitudinal  axis  of  the  bar  with  constant  velocity  V0. 
Thus  VQ  is  the  velocity  of  wave  propagation  and  depends  only  on 
the  modulus  of  elasticity  and  the  density.  It  must  be  kept  in 
mind,  of  course,  that  the  assumption  of  a long  prismatical  bar 
infers  that  the  transverse  dimensions  of  the  bar  are  small  when 
compared  to  the  length,  and  it  is  also  assumed  that  the  cross 
sections  of  the  bar  remain  plane  during  deformation. 

Sound  transmission  measurements  for  flaw  detection  and  velocity 
are  made  utilizing  a Sperry  UM721  ref lectoscope . The  pulsed  echo, 
reflection  technique  is  used  for  detecting  flaws.  At  1 MHz, 
propagation  is  limited  to  a distance  of  approximately  12  inches  — 
or  to  state  it  another  way  — a discontinuity  at  a depth  below 
6 inches  of  'he  surface  is  out  of  range.  Sound  velocity  is  de- 
termined ’ .he  through-transmission,  elapsed-time  method  using 
the  Sperry  UM721  as  a pulser  unit  and  a Tektronix  564  oscilloscope 
complete  with  a 3B3  time  base  unit  (time  base  precision  of  1%) 
and  a 3A3  vertical  amplifier  as  measuring  devices.  Using  this 


■ longitudinal  displacement 

* distance  along  the  longitudinal  axis  of  the  bar 

■ ./time 

- '/(E/p)  l/2 

■ modulus  of  elasticity,  and 
“mass  per  unit  volume 
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method,  a short  pulse  of  longitudinal  mode  sound  is  transmitted 
through  the  specimen.  An  electrical  pulse  originates  in  a pulse 
generator  and  is  applied  o a ceramic  piezoelectric  crystal 
(SFZ) . The  pulse  generated  by  this  crystal  is  transmitted  through 
a short  delay  line  and  inserted  into  the  specimen.  The  time  of 
insertion  of  the  leading  edge  of  this  sound  beam  is  the  reference 
point  on  the  time  base  of  the  oscilloscope  which  is  used  as  a 
'‘high-speed  stop  watch".  When  the  leading  edge  of  this  pulse  of 
energy  reaches  the  other  end  of  the  specimen,  it  is  displayed  on 
the  oscilloscope.  The  difference  between  the  entrance  and  exit 
times  is  used  with  the  specimen  length  in  calculating  ultrasonic 
velocity.  A short  lucite  delay  line  is  used  to  allow  time  isola- 
tion of  the  sound  wave  from  electrostatic  coupling  and  to  facilitate 
clear  presentation  of  the.  leading  edge  of  the  entrant  wave  re- 
sulting in  a more  accurate  "zero"  in  time.  Reading  time  to  inital 
rise  portion  of  the  sound  wave  gives  some  freedom  from  frequency 
distortion.  This  ultrasonic  test  system  utilizes  a longitudinal 
wave  motion  at  frequencies  near  1 MHz  for  graphites. 
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SONIC  EVALUATIONS  USED  FOR  3DCC 


The  basic  apparatuses  used  for  measuring  ultrasonic 
velocity,  attenuation,  and  performing  pulse-echo  inspections 
were  a Sperry  UM  721  Ref lectoscope  and  a Tektronix  564 
Oscilloscope.  Velocity  was  evaluated  using  the  through 
transmission , elapsed-time  technique.  The  .perry  UM  721 
was  used  as  the  pulser,  and  the  Tektronix  564  complete 
with  a 3B3  time  base  (precision  of  1 percent)  and  a 3A3 
vertical  amplifier  was  used  as  the  signal  measuring  device. 
Attenuation  measurements  were  made  using  the  reflection 
technique  (Tbt)  with  an  in-line  attenuator  to  measure 
attenuation  at  various  locations  of  a piece  of  material. 

The  Sperry  UM  721  was  used  as  the  signal  pulser,  the 
Tektronix  564  as  the  signal  measuring  device,  and  a Kay 
Model  20-0,  41  dB,  in-line  attenuator  as  the  attenu  tion 
measuring  device.  Inspection  for  flaws  using  the  pulse- 
echo  reflection  technique  was  accomplished  using  the  Sperry 
UM  721  as  the  signal  generating  and  signal  receiving  device. 

In  using  the  through-transmission,  elapsed-time 
technique  for  measuring  velocity,  a short  pulse  of  longi- 
tudinal-mode sound  is  transmitted  through  the  specimen.  An 
electrical  pulse  originates  in  a pulse  generator  and  is 
applied  to  a ceramic  piezoelectric  crystal  (SFZ) . The  pulse 
generated  by  this  crystal  is  transmitted  through  a short 
delay  line  and  inserted  into  the  specimen.  The  time  of 
insertion  of  the  leading  edge  of  this  sound  beam  is  the 
reference  point  on  the  time  base  of  the  oscilloscope  which 
is  used  as  a high-speed  stopwatch.  When  the  leading  edge 
of  this  pulse  of  energy  reached  the  other  end  of  the  specimen, 
it  was  displayed  on  the  oscilloscope.  The  difference  between 
the  entrance  and  exit  times  was  used  with  the  specimen  length 
in  calculating  ultrasonic  velocity.  A short  Lucite  delay 
line  was  used  to  allow  for  time  isolation  of  the  sound  wave 
from  electrostatic  coupling  and  to  facilitate  clear  presenta- 
tion of  the  leading  edge  of  the  entrant  wave  resulting  in 
a more  accurate  "zero"  for  time. 

Using  0. 5/1.0  MHz  transducers  coupled  with  alcohol,  the 
precision  of  this  technique  for  measuring  velocity  has  been 
established  for  graphites  such  as  ATJ-S  as  ±0.002  inch  per 
microsecond  for  a four  inch  long  x 1/2  inch  diameter  specimen, 
and  as  ±0.010  inch  per  microsecond  for  a 1/4  inch  long  by 
1/4  inch  diameter  specimen. 

In  using  the  Tbt  technique  for  measuring  attenuation, 
ultrasonic  energy  originated  in  a pulse  generator  was  applied 
to  a piezoelectric  crystal  which  is  in  contact  with  the 
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specimen  surface.  Alcohol  was  usually  used  as  the  couplant. 

The  signal  was  transmitted  through  the  specimen,  and  the 
reflected  signal  from  the  back face  was  then  retransmitted 
back  to  the  piezoelectric  crystal  which  performs  intermittently 
as  a transmitter  and  receiver.  The  received  signal  was  then 
transmitted  through  the  in-line  calibrated  step  attenuator  to 
the  oscilloscope  which  displays  the  received  waveform.  The 
gain  of  the  oscilloscope  is  held  constant,  and  the  calibrated 
step  attenuator  was  used  to  maintain  the  displayed  waveform 
at  a constant  amplitude.  The  attenuation  value,  then,  was 
the  amount  of  additional  attenuation  that  must  be  provided 
with  the  step  attenuator  to  maintain  the  constant  amplitude 
of  the  developed  waveform. 

The  attenuation  results  are  reported  as  a relative 
attenuation  index.  This  index  is  arrived  at  by  relating  the 
attenuation  of  one  inch  of  test  material  to  one  inch  of 
aluminum  standard.  Thus,  the  index  represents  variations 
(in  dB)  of  the  test  material  from  the  one  inch  aluminum 
standard.  Graphite  and  aluminum  dB  versus  length  curv  are 
linear  (for  some  intermediate  length)  and  parallel  (gr^pnite 
to  graphite,  aluminum  to  aluminum,  but  not  graphite  to  aluminum) 
for  various  amplifier  gains.  The  graphite/aluminum  curves 
intercept  near  zero  length.  The  aluminum  reference  curve  is 
obtained  from  measurements  of  three  inch  diameter  aluminum 
cylinders  (bars)  accurately  machined  to  various  lengths.  The 
graphite  curve  is  derived  by  using  the  average  of  the  attenu- 
ation readings  from  billet  profiles.  The  following  equation 
which  defines  the  difference  between  the  aluminum  and  the 
graphite  curves  in  dB  for  one  inch  of  the  material  is  then 
used  in  calculating  the  relative  attenuation  index: 


Relative 

Attenuation 

Index 


Pa  + 


(£-1) 


•Aluminum 


dB  + (A-  ) 


Graphite 


where 

dBa  = attenuation  value  (in  added  dB)  for  aluminum 
standard  length  of  A 

A = length  (in  inches)  of  test  specimen  or  aluminum 
standard 

dB.  = extrapolated  attenuation  value  (in  added  dB)  of 
aluminum  standard  of  zero  length 

dB  = attenuation  value  (in  added  dB)  for  graphite 
g test  specimen  of  length  A 
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To  obtain  the  relative  attenuation  index,  the  above 
equation  was  solved  for  each  evaluation. 
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APPENDIX  A12 


Ultrasonic  Velocity  at  Room  Temperature 


ULTRASONIC  VELOCITY  AT  ROOM  TEMPERATURE 


Ultrasonic  velocity  (Vl,)  was  measured  with  a pulsed  through- 
transmission  technique.  A block  diagram  of  the  ultrasonic  measuring 
apparatus  is  shown  in  Figure  1.  The  pulsed  ultrasonic  generator  provided 
both  the  voltage  to  the  transmitting  SFZ  crystal  and  trigger  input  to  the 
oscilloscope,  from  which  delay  time  was  measured.  The  received  signal 
was  fed  to  the  vertical  axis  of  the  oscilloscope.  Pulse  travel  time  in  the 
material  was  measured  accurately  by  adjusting  the  delay  time  multiplier 
until  the  leading  edge  of  the  pulse  was  realigned  to  its  calibration  position 
on  the  cathode  ray  tube.  Delay  time  was  then  recorded  from  the  product 
of  the  delay  time  setting  and  delay  time  multiplier. 

Transducers  £ inch  in  diameter  having  a resonance  frequency  of 
10  megahertz  were  used.  Isopropyl  alcohol  was  used  as  a couplant. 

Ultrasonic  velocity  (Vj_,)  was  calculated  by  the  following  relation 
T 

v * <t)  (f> 

where 


T = specimen  thickness 
t'  = delay  time 
t = multiplier  for  delay  time 
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Oscilloscope 


Figure  1.  Block  Diagram  of  Ultrasonic  Velocity  Measuring  Apparatus 
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APPENDIX  A13 
Electrical  Resistivity 


ELECTRICAL  RESISTIVITY 


E! 


Electrical  resistivity  is  obtained  by  measuring  the  voltage 
across  a specimen  while  passing  a known  current.  The  test  specimen 
may  be  either  a specimen  blank  or  a finished  specimen  having  a uniform 
gage  length  of  1 inch  or  more.  The  attachment  taps  are  spring-loaded 
graphite  discs  which  press  against  the  specimen.  Potential  contacts 
normally  having  a 1-inch  gage  length  are  clipped  onto  the  specimen. 

The  current  passing  through  the  specimen  is  accurately  determined  by 
measuring  the  potential  across  a resistor  of  known  resistance  which  is 
connected  in  electrical  series  with  the  specimen. 

A full-wave  rectified  dc  power  supply  operated  by  an  ac  regulated 
power  source  is  used  to  enduce  current  flow  through  the  specimen.  A 
galvanometer  having  a sensitivity  of  0.8  uV  per  millimeter  with  a 
1000  ohm  series  resistor  is  used  with  a potentiometer  having  a dial 
graduation  of  0.0005yV  to  measure  voltage.  The  normal  uncertainty  for 
determining  electrical  resistivity  with  this  system  is  + 2%. 

Using  these  measurements,  the  volume  electrical  resistivity  is 
calculated  from  the  following  equation 


p - r r 


A V 
L I 


where 


tT 

ife 


p * volume  electrical  resistivity, 

A « cross-sectional  area  of  specimen, 

V * voltage  drop  across  gage  length  of  specimen  (corrected 
for  open-circuit  voltage) , 

I * current  flow  through  specimen  and 
L = gage  length  of  specimen. 
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Raytheon  Company 

ATTN:  Library 

Science  Applications,  Inc. 

ATTN:  R.  Fisher 

ATTN : Dvano  Hove 

ATTN:  oohn  Warner 

ATTN:  G,  Ray 

Science  Applications,  lnc. 

ATTN:  Lyle  Dunbar 

ATTN:  Carl  Swain 

Science  Applications,  Incorporated 
ATTN:  William  R.  Seebaugh 

ATTN:  William  M.  Layson 
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TRW  Systems  Group 

ATTN:  D.  H.  Baer,  Rl-2136 

ATTN:  R.  K.  Plebuch,  Rl-2078 

ATTN:  W.  W.  Wood 

ATTN:  Thomas  G.  Williams 

ATTN:  Peter  Brandt,  El-2006 

2 cy  ATTN:  X,  E.  Alber,  Rl-1008 

ATTN:  Peter  K.  Dai,  Rl/2170 


Stanford  Research  Institute 
ATTN:  W.  B.  Reuland 

ATTN:  Harold  Carey 

Systems,  Science  and  Software,  Inc. 
ATTN:  G.  A.  Gurtman 

ATTN:  Russell  E.  Duff 


TRW  Systems  Group 

San  Bernardlr.o  Operatlone 

ATTN:  Blankenship 

ATTN:  William  Polich 

ATTN:  L.  Berger 

ATTN:  Earl  W.  Allen,  520/141 

ATTN:  E.  Y.  Wong,  527/712 


